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,'The pollution probles'associated with unburned hydrocarbons and carbon
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aircraft gas turbine operation cm be minimized using hybrid catalytic
combustion. A hyb-id catalytic combustor consists of a fuol-rich pre-
combustor, socondo~ry air quenching zone, sand monolithic caialyst stage
which rapidly ouidises CO and UHC produced in the pro-combustor. The
concentration of thermrlly-produced NOJ in the pre-combustor is very low
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20. because of the lack of oxygen. However, the formation of NOT precursors
such as HCN and NHj produced under fuel rich conditions mustxbv. cousidere
Data showed that nitrogeneoous species produced in the rich pre-combustion
zone were efficiently converted to NO, by catalysts under the very lean
mixture conditions that result from te secondary air quench. The
equivalence ratio in the pre-combustor was varied from 0.5 to 1.5, while

the overall mixture, after secondary air injection, was in the range of
0.1 to 0.3.

The noble tal catalysts on various monolithic support geometries and

compositions •re found to be the moot active materials for CO and UHC
oxidation in tle temperature range of 700-1200 K. The combustion

efficiency of t~e hybrid catalytic combustor for JP-4, which contained
535 ppm sulfur, was determined to be 99.5! under realistic operating

condi.tions. The combustor pressure drop was less than 6%. The average

emission indices of CO, UHC and NO, leaving the HCC were on the order of

0.95, 0.43 and 1.8 g/kg of fuel, respectively, for a metal supported Pt
catalyst. This catalyst was effective in reducing CO by 862 and UHC by

94, and increasing NOx by 68%. Using approximate methods for estimating

the EPV. maision parameters, it was determined that the hybrid catalytic
combvstor can wfet the 1981 now aircraft emssion standards.

Bas.d upon these encouraging results, two 7.6 ca diameter hybrid

catalytic combustors were fabricated and delivered to the Air Force for

further *valuation.
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SECTION I

SUMM~ARY

The Environmental Protection Agency emissions standardls for
subsonic turbcf an or turbojet aircraft engines manufactured on or after
January 1, 1981 of 35.6 kN thrust or greater cannot be sJatisfied by
current designs. NO xemissions are difficult to control during high
power operation whenXthe near stoichiometric flame conditions in the
combustor produce copious quantities of nitrogen oxides from the
oxidation of atmospheric nitrogen. CO and UHC emissions are low
because of the high combustion efficiency obtained during the high power
condition. During engine idle conditions, the production of nitrogen
oxides is generally no problem, but because of lowered combustion effi-
ciencies, the CO and UHC emissions become unacceptable.

Of the numerous combustion schemes proposed during the past few
years, one of the most promising techniques demonstrated to be effective
in reducing NO , CO and UHC emissions is catalytic combustion. The Air
Force recentlyxshowed that very high combustion efficiencies, in the order
of 99.5% without the concomitant production of nitrogen oxides, were
feasible under high power conditions. It should be pointed out that methods
which may not be applicable to actual aircraft cumbustors were used to mix
the air and fuel, and bring the catalyst to operating temperature. Special
equipment would be needed in an aircraft engine to bring the catalyst to
operating temperature prior to engine start-up. Also, the successful utili-
zation of catalytic combustion techniques under low power or idle conditions
has not been demonstrated.

In order to overcome the apparent difficulties with the "all
catalytic" combustion of premixed fuel and air and not significantly increase
the emissions of pollutants, a new technique was tested in which less than
75% stoichiometric air is used to oxidize the fuel in a conventional pre-
burner and the rest of the air is rapidly mixed in after combustion to
quench the reaction and reduce the gas temperature to a level that can be
tolerated in the gas turbine. This technique has the theoretical potential
of oxidizing the unburned hydrocarbons and Co in the post-combustion zone
without adding significant quantities of Nox. Since it may be difficult to
control the oxidation of reducing species in the quench zone, a catalyst
could be used to accelerate the oxidation of these species. Thus, such a
technique may be considered to operate in a hybrid mc~e i.e., homogeneous
combustion followed by catalytic combustion. Hybrid catalytic combustion
thus provides a method of fulfilling the pollution control requirements
without the need of special equipment to heat the catalyst or premix

liquid fuel with hot air.

The feasibility of the hybrid catalytic combustion concept, as
applied to aircraft gas turbine combustors operating over the entire
landing and take-off cycle air-fuel ratios, was demonstrated in this
laboratory program. The air temperature was maintained at 400 K in the
experimental work presented here and is thus represenstative of idle opera-

tion. An air temperature of 775 K would have been required to simulate

full power operation (takeoff).



The hybrid catalytic combustion technique tested in this program
consisted of pre-burning JP-4 in a conventional can-type combustor under
rich zonditions, followed by the injection of secondary air to quench the
chemical reactions and lover the temperature. The unburned CO and UHC
were then completely oxidized over a monolithic catalyst located at the
exit of the combustor.

Of the more than 35 different catalysts.obtained from manufacturers
that were evaluated, the noble metals supported on honeycomb structures were
found to be the most active for converting CO and UdC. Conversions in the a6',
range of 90-95 percent were achieved at catalyst temperature of 1200 K,

overall equivalence ratios of 0.3 and air preheat temperatures of 400 K. Base
metal oxides and rare earth oxides on cordierite supports were much less active
than the noble metals on the same supported geometry.

The most satisfactory catalyst evaluated consisted of a corrugated
and rolled metal support, washcoated with stabilized A1 2 03 , and impregnated
with 5.3 kg/ma platinum. This catalyst achieved combustion efficiencies of 99.8
percent over the timperature range of 1000-1200 K. The reference velocity
at the catalyst inlet was 25 m/s. During a 20-hour test at 1200 K, the metal
supported catalyst did not show any indications of activity loss for CO ori UHC conversions. Under the same circumstances, a cordierite supported
palladium catalyst lost a substantial amount of its initial activity after 10
hours of operation.

As a result of this research, it appears that an efficient, low
emissions hybrid catalytic combustor can be developed to operate over the
entire range of gas turbine power settings from idle to full power. It
should be noted that the hybrid catalytic combustor approach is not limited
to idle operation, but can indeed operate effectively at full power, as
demonstrated by operating the combustor at J - 0.3. No attempt was made to
determine how an engine using a hybrid catalytic combustor system would
operate over the LTO cycle. The feasibility of using the hybrid catalytic
combustor for idWe operation followed by an all catalytic high power aode is
currently being considered bý the Air Force. It must be emphasized that
actual engine tests must be conducted to fully assess the feasibility of the
hybrid catalytic combustor concept.

Based upon the results of the catalyst screening program, two com-
plete hybrid catalytic combustors capable of 300 g/s air flow were designed
and fabricated for delivery to the Air Force for testing. It is estimated
that these slightly scaled-up versions of our laboratory test combustor will
achieve a minimum combustion efficiency of 99.5Z at idle, and NO., CO, and
UHC emissions that will probably meet the 1981 EPA aircraft emission standards.

Although the results presented here support the technical
feasibility of catalytic combustion for aircraft turbine engines, there
remain many practical problems which must be considered. The most significant
Iroblins involve the physical durability of the catalyst and the transient
espouse In flight. Clearly, a catalyst that could fracture or spahl in

flight could damage the turbine and endanger those on-board. Other
considerations associated with engine response and operability in flight
must be carefully analyzed.

-2-



SECTION II

INTRODUCTION

Current aircraft engine designi, are not expected to meet the EPA
emissions specifications for subsonic turbofan or turbojet aircraft engines
manufactured on or after January 1, 1981 of 35.6 kN thrust or greater (1).
These designs produce excessive concentrations of CO (carbon monoxide) and
UHC (unburned hydrocarbons) during the idle mode, and NOx (nitrogen oxides)
and possibly smoke during the high power mode (2). Poor combustion effi-
ciency under idle conditions due to poor air-fuel mixing is the source of
CO and UHC, while very high flame temperatures generated near stoichiometric
combustion during the high-power mode give rise to high concentrations of
thermally produced NO, and smoke. In all existing gas turbine combustors, a
portion of the air supply is utilized in the primary combustion zone with a
ne~ar-stoichiometric quantity of fuel. Successive addition of combustion air
in the secondary and quench zones of the combustor reduces the gas temperature
to acceptable turbine irlet values. The turbine firing temperature limitation
is dictated by structural considerations. The equivalence ratio (6) of the
turbine inlet mixture is in the range of 0.25-0.35 in the high power mode. In
the idle mode, the 6 at the turbine inlet mixture is approximately 0.15.

(:.'Most proposed solutions for the reduction of gas turbine emissions
of pollutants retain the basic gas turbine multi-combustion zone concepts,
but alter the methods in which the fuel and air, or both, are introduced into
the primary combustion zone. More efficient fuel atomization and primary
zone mixing have been shown to effectively reduce CO and UHC emissions under
idle conditions, but have not substantially affected the NO. problem at
high-power conditions. The most promising combustor modifications for high-
power operation consist of pre-vaporiziug and premixing the fuel so that
stable and efficient fuel-lean combustion occurs at somewhat lower adiabatic
flame temperatures, thus producing lower concentrations of thermal NOx.
Problems that must be solved before the pre-vaporization and premixing
technique can be introduced into production engines include:

1. The premature autoignition of the mixture during the high-
power mode where air compressor discharge temperatures and
pressures msy be 900 K and 3.0 MPa, respectively.

2. The thermal decomposition of the fuel in the vaporization
system may lead to the formation of carbonacoous deposits
on the walls which would alter the heat trrnsfer properties
of.the metal, and possibly cause thermal failure of the
vaporizer.

3. The satisfactory operation of the vaporizer may be inter-
rupted by flashback where high flame temperatures could
damage the vaporizer-mixing section of the combustor.

See Nomenclature pg. x for definition.

-3
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In order to explore the feasibility of catalytic combustion in
aircraft gas turbine combustors, the Air Force initiated a program at the
AFAPL (Air Force Aero Propulsion Laboratory). Lt determined the combustion
efficiency to be in excess of 99.5% and the production of NO, to be well below
that required to meet the 1981 EPA specifications for new aircraft under
test conditions which simulated high-power operation (3). Similar data were
obtained by others working with gaseous fuels W . These initial studies
did not investigate catalytic combustion under simulated idle operation.
The lack of data for idle conditions prompted the Air Force to award Exxon
Research and Engineering Company a research program to obtain the experimental
data necessary to evaluate catalytic combustion at gas turbine idle conditions.

* •The general criteria for developing an acceptable combustor were:

1. The total pressure drop through the combustor should not
exceed 6% of the operating pressure of 0.3 HPa at a
reference velocity of about 25 m/s.

2. The mini~mum combustion efficiency at gas turbine idle
should be 99.5%.

3. The CO, UHC and NO emissions should be within the EPA
emission specificalions for subsonic turbofan or turbo-
jet aircraft engines manufactured on or after January 1,
1981 of 35.6 kN thrust or greater Q).

4. The heat release rate of the combustor should be on the
order of 1 kJ/Pa.s.m3 .

5. The total volume of the catalytic combustor and associated
promixing, pre-vaporization or pre-combustion components
should not exceed the volume of a conventional aircraft
turbine engine having a comparable heat release rate.

The program was divided into three phases. Phase I consisted of a
thorough review ef the literature concerning catalytic oxidation of hydro-carbons and an assessment of the state-of-the-art in catalyst preparation on

monolithic ceramic, refractory material, or metallic supports capable of high
temperatutre operation.

The second phase was concerned with the experimental determination
of the effectiveness of commercially available catalysts in promoting JP-4
ignition with 400 K preheated air to simulate idle operation in the absence
of any pre-combustion scheme. If, a" was expected, no' catalysts were
found that had sufficient activity at 400 K to initiate the combustion
reactions, then the remainder of the second phase would be concerned with
the desig and characterization of a pre-burner which, when coupled to a
fixed ca, Iyst bed, woul,! make up the HCC (hybrid catalytic combustor).
After the operating characteristics of the combustors were determined, a
three-part catalyst screening program started. Part One ranked catalyst
activity an a function of temperature and surface/volume ratio of sevendifferent Pt/Pd catalysts deposited on a single substrate compositiou of
varying geometry. Part Two evaluated various substrates and high surface
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area wash coat materials on which noble metals, base metals, rare earths,
etc., had bean deposited, The most promising catalysts were studied in
greater detail in Part Thres In order to choose the catalysts most applicable
In the hybrid mode of operation. The total number of experimental tnat %.ours
exceeded 100, and the number of catalyst-wubstrate combinations tested wan in
excess of 35. The two beat catalysts were subjected to a 20-hour durability
teat at 1200 K to determine the extent of catalyst deactivation under high
velocity and high temperature operation.

The third phase of the program was directed at the design and
fabrication of a set a,. 7.6 cm diameter catalytic hybrid combustors
containing the best catalysts found in Phase Two for delivery to AFAPL.
Extensive testing of the catalytic hybrid combstors under simulated idle
and high-power conditions are planned by AFAPL.

-5
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SECTION III

EXPERIMENTAL FACILITIES AND PROCEDURES

The experimental equipment used in this study included a
specially designed combustor, fuel injection system, air supply system,
sampling and analytical system, and remperature and pressure instrumen-
tation. Information on the design and calibration of this equipment
is provided in this section.

1. HYBRID CATALYTIC COMBUSTOR

A schematic diagram of the hybrid catalytic combustor is shown
in Figure l1 and a pho%.ograph of the experimental arrangement is shown in
Figure 2. The combustor consisted of a conventional cannular pre-combustor
followed by a catalytic combustion chamber. The components which made up
tVe pre-combustion section consisted of a primary combustion air swirler,
secondary air swirler, pressure atomizing fuel nozzle, ignition electrode,
and primary, secondary and quench air injection orifices. The pre-burner
components were constructed out of type 304 stainless steel, except for
the combustor-can which was fabricated from 0.033 cm Hastc-lloy-X sheet.
The can was rolled into a cylinder 5.08 cm in diameter by 11., zm long.

The catalytic combustor chamber which was fabricated from type
304 stainless steel, was bolted onto the pre-burner section so that it
could be easily and quickly disassembled without disturbing the pre-
combustion section of the combustor. The catalyst candidates were
contained in a Hastelloy-X thin wall cartridge (0.033 ca thick x
21.6 ca long x 5.08 cm diameter) which was inserted into the heavy wall
catalyst combustion chamber. Channeling of the hot gas flow in the
catalyst combustion chamber was prevented by metal to metal pressure
seals located at both ends of the thin wall catalyst cartridge. Jn
annular space between the Hastelloy-X cartridge and the heavy pressure-
bearing wall of the catalyst combustion ch.3mber, reduced the conductive
heat losses in this section of the hybrid combustor.

The combustor pressure was controlled by the combination of a
3.8 cm diameter, type 310 stainless steel, square edge orifice located
at the discharge end of the catalyst combustion chamber, and a remotely
operated, eccentric plug valve located at the discharge end of a multi-
tube countercurrent heat exchanger which cooled the hot combustion gases
to 530 K. The HCC exhaust temperatures were typically in the range of
800-1300 K.

2. FLOW CHARACTERISTICS OF THE PRE-COHEUSTOR

Figure 1 shows that the combustion air supply to the HCC was
split into three different paths. The total air flow rate through the
coswtstor was maintained at 133 g/s. Of this total flow rate, 27 g/s
went to the primary zone (location 8), 66 g/s were used in the secondary
zone (location 9), and the remaining 40 g/s (location 1) were used in
the final quench. The reference velocity at the catalyst chamber inlet
was 25.8 a/s (400 K and 379 kPa).

-6
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The percent of the total air-flow area in each of the three flow
streAms which determined the air flow rates were:

% Distribution of Air
Primary Air Flow Area (21,9 cm2 )

25 holes, 0.254 cm diameter 5.8
0.0762 cm annular gap around 3.2

fuel injector

Secondary Air

0.635 cm annular gap around 53.0
can

26 quench holes, 0.635 cm diameter 38.0
Total 100.0

The secondary air distribution holes in the 5.08 cm diameter
Hastelloy-X can attached to the primary air injector consisted of four
rows of different diameter holes located at various axial distances from
the primary air injector. The hole sizes, axial locations measured in
L/D (length to dimeter) and their relative areas were:

No. of % Total Hole
L I/D (location) Holes Hole Diameter (cm) Area of Can

* 0.168 12 0.553 13.8
0.484 12 0.635 18.2
0.754 10 0.952 34.0
0.846 10 0.952 34.0

Total 100.0

The gas velocities in each of the three air flow paths were
calculated from the air flow rates at operating conditions (P - 379 kPa,
T 400 K)

LOCATON IN COMUSTOR VELOCITY (14/_)

Priory Ad Zones

0.076 cm annular gap around 22.5
fuel nozzle air shroud

0.254 cm dioeatar primary 65.7
Injector hole

Sevcnmdary M~r ZoXeuv

0.635 cna nular sap around 21.5
p•-mrary co"bustiou can

0.635 diawateu quench air hole 17.0

Roferauce Velcalty &• atalyst
Chamber Inlet

5.08 Cm 4±smtet csaayst - 9 25.8
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3. FULL INJECTION SYSTEM

JP-4 was injected at ambient temperature into Lgte pre-combustor
through a 3.15 cm3 /a pressure atomizing swirl nozzle that had a 1.4 red •8n degree)
solid spray angle. The flow of a fraction of the pziaar> air around the
air shroud control disc provided a suitable fuel-air mixture in the area
of the ignition electrode that was conducive to good ignition c laac~eriatics.
The flow of air around the fuel injector tip also provided noazle cool•ng.
The electrical breakdown of the gap between the fuel nozzle and the ignitioa
electrode tip by a 10 kV alternating current trauaformer imitiated the 'em.-
bustion of the fuel in the pre-combustor. A 1.4 rad (80 aegree) spray nozzle
was chosen so that the spray fan vould not Impinge upon the central orifice
walls of the primary air injector.

Efficient mixing and flame stabilization of the fuel-air mixture
was assured by the high velocity swirling motion imparted to the air flow
by virtue of the 0.7 red (40 degree) angle (with rarpect to the longitudinal axL)
at which the raoles were drilled into the face of the air injector.

The fuel was pumped from a shippinI container into two 0.019 m3

pyrex containers. The volumes of the glass containers were cali-
brated and divided into 500 cm3 graduations on the out•ide of containers.
A suction-pressure gear pump was used to withdraw the fuel from the
containers and expel it through the pressure atomizing nozzle. Approximately
901 of the fuel was recirculated to the glass containers, The pump pressure
could be varied to 3.1 Wa. but for the purposes of this study the pressure
was uaintain,, at 1.3 MPa. A rotimster in ?.he stainless steel fuel system
located between the gear pmp and the pressute atuLAizing nozzle was utilized
to monitor the fuel flow rate. Appropriate mett.rin vulves were located
upstroam and downstrema of the rotmneter to provide constAnt pressure and
fuel flow. A 20-micron sintered bronze filter waw locatee In the fuel line.
The 60 across the atomizing fuel nozzle was always waintained SI 1.1 MPa to
"assure critical flow conditio- mich prevented any fluctuations• in the fuel
flow due to combustion chaser p.tessure fluctuations.

The fuel rotameter and ,ressure atoaizing nozzle e i" Uib:ated
by weighing the amount of fuel collected over a specifted ,. uf tlko at
each rotamater setting. Periodically, the calibrati.on of toA3 1,•-. eystaea
was checked by observing the volu•e of fuel displacad ,row the g &'-
reservoirs during a test firing for a given fuel Votafmeete atting ani
time interval.

4. AI7 SUMPY SYSTEM

A schematic diagroua ýf the rate of air input to the cor,,.ator
is given In Figure .. Compresoee air sp uplied 4t a 70.8 du3 /s
with a 1.034 •eP air compret io wh'h vas equipped with Yil, water and
particulate filters.
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The main air supply was divided into primary and secondary
air systems. Each air system had i-s own presuure regulator, preheater
and rocameter. The flow of air through each system was controlled by
globe valves located in the air line at either end of the rotameters.
Bourdon-tube pressure gauges and iron-constantan thermocouples were
located in the air system lines downstream of the rotameters. A 30 kW
electrical heater was used to preheat the secondary air to a maximum of
560 Kand a high pressure steam heat exchanger was used to preheat the
primary air to a maximum of 420 K. The rotameters used to measure the air
flow rate were calibrated with wet and dry test meters, depending upon thf
magnitude of the air flow rates. The calibrations were periodically
checked to assure the accuracy of the rotameters. The temperature and
pressure of the air in the metering system were continuously recorded and
utilized in the calculation of the total air flow rates. The pressure of
the primary and secondary air rotameters was maintained at 450 kPa, while
the combustion chamber pressure was 379 kPa.

5. TEMPERATURE MEASURDEENTS

The determination of the axial and radial temperature profiles,
and chemical concentrations throughout the hybrid combustor was accomplished
with a specifically designed analytical gas sampling train and multi-probe
thermocouple and gas sample rakes. The equipment and procedures utilized in
the course of the study for temerature measurement are described below.

The gas temperatures in the pre-combustion and catalytic sectionr,
of the hybrid combustor were taken at various locations identified in
Figure 1. Chromel-alumal dual-junction thermocouples with either 0.317 cA
or 0.157 ca diameter stainless steel sheaths were located at positions A,
B and C in the pre-burner section. Temperatures within the catalyst
(locations G-M) were determined with 0.063 ca diameter inconel raeathed
chromel-alumel thermocouples located at 2.54 cm intervals .7long the length
of the 20.32 ca long catalyst section. The tips of all the thermocouples
In the pre-combustion stage and the catalyst stage wtre positioned on the
centerlina of the hybrid coabustor.

When radial %as temperature dietributions were obtained in the
pre-combustion section, the single thermocouple located at positinn C ukas
removed and r&PJcad with four 0.157 cm diameter thermcouples which were
mwoated in a 0.635 cm diamter stainless steel tube. The 0.635 cm tube
provided a praesure seed at t•lo outoide wall of the pre-combustor. The
tips of the foa parall~l thermocouplaa wre separated from each other by
1.27 ca. The tip.p of the longest thermocouple and shortest thermocouple
were 0.635 cm from the inside walls of the pre-combuation chamber. The
four g8" temperatures meisured simultaneously by the thermocouples were
rcor*Cdd on a Ulti-point strip chart recorder.

- 12 -



6. GAS SAMPLE MEASURE IENTS

The gas sample and temperature probes utilized in the catalyst
section of the hybrid combustor were designed so that simultaneous
determinations of gas temperature and composition could be obtained with
a minimum of interference to the gas flow within the cellular catalysts.
A schematic drawing of the probe is shown in Figure 4. A 0.063 cm
diameter thermocouple was covwen.tically located within the 0.157 cm
internal diameter inconel tvu-, •:.ith the tip of the thermocouple just
slighdly below the end of tCo. 'nconel tube. This configuration provided
protection for the fragil, thermocouple, and simultaneously allowed the
ga& sampale to be taken through the .nnular gap between the thermocouple
and the inconel tube. The tips of the inconel tubes were located on the
centerline of the catalyst and were spaced at 2.54 cm intervals along the
longitudinal axis. Seven 0.203 cm diameter holes were carefully drilled
into the catalyst substrate after the catalysts were installed within the
Hastelloy-X catalyst container. Mating holes in the Hastelloy-X catalyst
container and the catalyst chamber wall allowed the gas sampling probes
to be inserted into the catalyst combustion chamber in locations G through
M as shown in Figure 1. The insertion of the probes into the catalysts in
this manner assured that the aeasured temperature was the gas stream temp-
erature and not the surface temperature of the substrate material. The
walls of the gas sample tubo shielded the thermocouple from the radiation
emitted from the solids, theteby eliminating the need for a radiation
correction on the measured temperatures. The gas sample obtained
by each probe was, because of the parallel wall nature of cellular catalyst
substrate materials, representative of the particular cell from which the
sample was obtained.

Radial profiles of combustion product concentrations were obtained
at the inlet and outlet of the catalyst combustion chamber with gas sample
rakes, each of which had four separate probes. The 4 parallel probes on
each rake were 0.152 cm outside dianeter thin-wall stainless stee* tubes.
The four tubes were soldered together into a 0.635 cm diameter thin-wall
tube in a manner so that the pressure seal at the wall of the combustor
could be made around the 0.635 cm tube. As in the design of the multi-
thermocouple rake discussed previously, the tips of the gas sample tubes
were staggered so that the four parallel probe tips were evenly distributed
acroes the diameter of the combustion chamber at the inlet end and the
discharge end of the catalyst.

The gas samples from each of the four probes in a rake could be
examined separately, or as was the case in determining combustion effi-
ciencies of the catalysts, combined in a manifold located in the gas sample
train so that a. awerage concentratt.on would be obtained. The radial concert
tration distribution of cobustion products was determl ied by analyzing the
ga& sample from each of the four pzobe during a test where the combustion
conditions were maintained at fixed air and fuel flow rates.

- 13 -
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7. GAS ANALYSIS INSTRUMENTATION

A photograph of the gas analysis system utilized in this program
is shown in Figure 5. A schematic piping diagram showing the location of

K sample probes, valves, Instrumentu and the calibration gas system is shownt ~in Figure 6. Adequate quenching of CO oxidation was assumed, based on
Shaw's results in essentially the same equipment, which showed no change In
CO concentration as a function of probe materials of construction (stainless
steel or quartz) and filter elements (stainless steel or glass) (5). The
sampling and analytical system for measuring exhaust emissions was designed
to generally conform to the EPA requirements for determining compliance with
the aircraft emission standards(1), with the exception that a water removal
device, i.e., a condenser, was used prior to the NOx analyzer.

Nine electrically heated stainless steel sample lines were used
to direct the flow of gas from the sample probes in the hybrid combustor
to a heated manifold located near the instrument train. Each sample line
convained a high temperature bellows shut-off valve which was used to
select the sample line or lines which would be diverted to the gas analyzar
train. A single stainless steel heated tube connected the 9 valve manifold
to the instrument train. The gas sample lines were bundled together and
covered with electrical tape heaters. Iron-constantan thermocouples imbedded
into the heated bundle were used to monitor the line temperature. An
automatic temperature controller was utilized to maintain the bundle of gas
sample lines at 420 K. The pressure of the gas sample up to the instrument
train input corresponded to the pressure of the combustion chamber. The gas
sample pressure was reduced to 110 YPa by a pressure regulator located Just
upstream of a dry ice-acetone bath which was used to freeze out the water in
the gas sample. The hydrocarbon sample line bypassed the water knock-out
and was fed directly to the Beckman model #402 high temperature FID hydro-
Scarbon analyzer, Ghma was maintained at 474 K. The CO, CO2 , NOx and 02
instruments were in parallel to the gas sample line. A sample
flow of 17 cm3/m was maintained through each instrumen; dur 4rA the measurements.

Table 1 summarizes the key gas analysis parameters associated with
the instrumenjs used in this study.

TABLE I

INSTRUMENTS USED FOR GAS ANALYSIS

* Carbon monoxide. Beckman model 315A (W)IR) with 0-5000 ppmv
and 0-2500 ppuv range. Maximum sensitivity was 12 ppmv.
Calibrated with 2000 ppm CO in N2.

e Carbon dioxide. Beckman model 864 (NDIR) with 0-25
and 0-5Z range selectors. Maximum sensitivity was .05%.
Calibrated with 7% CO2 in N2 .

a Hydrocarbons. Beckman model 402 (FID) with 0-0.2% range
with a 10 position range selector switch. Maximum
sensitivity was 1 ppuv.
Calibrated with 500 ppm CH4 in N2.

* Oygen. Beckman model 742 with 0-25% range with a 3 position
range selector switch for 0-1, 0-5% and 0-25% ranges.

A. Maximum sensitivity was 0.01%.
Calibrated with 10% 02 in N2 or ambient air.

* Oxides of Nitrogen. Thermo Electron Corp. model 10A
Chemiluminescent Analyzer with 10,000 -pmv range with an 8
position range switch. Maximum sensitivity was 0.25 ppmv.
Calibrated with 100 ppm NO in N2-
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The instruments in the gas analysis system were calibrated with
certified standard gas mixtures in nitrogen. The calibration gases were
supplied by the Scientific Gas Co. of S. Plainfield, New Jersey. Dry
nitrogen supplied from a cryosphere was used as the zero gas for all the
instruments. When the instrument train was idle, a constant nitrogen
purge was maintained. The instruments were calibrated before a run and
checked at the conclusion of the run. The cylinders of hydrogen and air
used to operate the hydrocarbon FID analyzer were certified to contain

C! less than 1 ppmv hydrocarbons.

The effect of the dry ice-acetone bath temperature on CO 2
concentration in the gas sample was checked and found to be unimportant
by passing a calibration gas containing 7Z CO2 in nitrogen through the
cold trap and observing any loss in CO2 concentration. The referenced
temperature of the bath was 196 K and the sublimation point of C02 . s
194.5 K (_6). The magnitude of the potential reaction of nitrogen oxides
with reducing species in the sample gases catalyzed by the heated stain-
less steel walls of the gas sample lines was assessed. Known NO and NO,
concentrations in combustion gas samples containing CO were passed
through heated teflon or stainless steel lines. No difference in either

NO or NOx concentrations were found as a result of contact with the
stainless steel or teflon lines. Similarly, no CO loss was detected as
a result of oxidation by contact with the transfer lines of the analytical
train. These experiments also demonstrated that no significant loss of
NO2 in the condensed water occurred.

Because of the possible production of HCN and NH3 in the fuel-
rich pre-combustion zone of the hybrid combustor, a wet-chemical samplingtechnique was utilized to obtain somp representative gas samples at the

inlet and outlet of the catalyst combustor section of the hybrid comaustor.
This sampling technique consisted of bubbling the sample gas for a known
time period at constant flow, through aqueous solutions of NaOH for HCHdetorminations, and H2SO4 for NH3 determinations. The nitrogen content

of the samples was then determined by a specific ion-electrode technique,
which has a sensitivity of about 1 ppmv for both nitrogeneous compounds (7).
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SECTION IV

RESULTS

This section of the report describes the operation of the combalstor
rig in two different catalytic modes under conditions which simulate air-
craft gas turbine idle. First, the combustor was tasted in the all-catalyvic
mode. In this mode, the pre-combustor was inoperative, and all of the
combustion reactions were carried out in the catalytic section of the
combustor. The fuel was partially vaporized and premixed at 400 K and
379 kPa in the pre-combustor section. In the second or hybrid mode of
operation, the pre-combustor was utilized. The hot gas products from the
pre-combustor contained approximately 300-800 ppm CO and UHC which were
further oxidized in the catalytic section of the combustor. No temperature
rise was measured across the catalyst from the oxidation of CO and UHC because
their concentration was so low.

All of the tests performed in the all-catalytic mode were unsuccr.ssful
because little oxidation of the fuel occurred at 400 K and 25 m/s reference
velocity. This was due to the fact that the fuel to air ratio and the inl-t
temperature were too low at simulated idle to achieve ignition (light-off).
For this reason the majority of test results reported involve operation of the
hybrid catalytic combustor where most of the fuel was oxidized homogeneously
and the remaining UHC and CO were further oxidized in the catalyst chamber.

1. OPERATION IN THE ALL-CATALYTIC MODE

During the past few years, many Investigators have shown that the
uinil-.t autoignition temperature of hydrocarbon fuel-air mixtuuias over a
high surface area noble metal catalyst (Pt or Pt/Pd) w&s in the order of
525 K in the pressure range of 100 to 500 kPa (., -9, 10, 11). These investigators
concluded that the most critical test parameters were average residence time
(i.e., inverse of space velocity), fuel concentration (equivalence ratio),
mixture temperature and catalyst tauperature.

During attempts to achieve combustion in the all-catalytic mode,
the overall equivalence ratio was varied up to 0.35. the reference velocity
at the catalyst inlet was maintained at 25 m/s and the combustion air was
preheated to 400 K. Under these conditions, a very small fraction of the
JP-. was bein6 convert&l, as evidenced by measuwed CO concentrations at
the catalyst exit of about 20 ppm. No temperature rise in the catalyst
bed was observed. The catalyst was a combination of 1.2 kg/n 3 of (1/1)
Pt/Pd on General Refractory Cordierite (0.31 cm hole monolith). From
these results, it appeared that if the air preheat temperature was increased
or the fuel-air mixture was made richer, an increase in catalyst bed temperature
would have resulted and more of the fuel would have been converted. However,
because the test facility cell began to fill rapidly with a potentially
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explosive mixture of unreacted fuel no further attempts were made to
increase the fuel concentration within the combustor. The air preheat
temperature was not increased above 400 K because the goal of these tests
was to develop a catalytic combustor to operate at simulated idle (see
Table II).

Table II summarizes the parameters required to simulate the
various aircraft gas turbine operating modes, as well as the equilibrium
composition of the combustion products (12).

TABLE II

AIRCRAFT OPERATING PAR&KETERS AND EQUILIBRIUM GAS COMPOSITION

Idle Approach Climbout Takeoff

P, HPa 0.3 1.0 2.0 2.5
Air Inlet T, K 400 600 720 775
Overall 6 0.147 0.264 0.338 0.367
V, m/S 24 30 33 34

Flame T, K 768 1,228 1,488 1,596

Gas Composition
Ar, 2 0.93 0.92 0.92 0.91
CO, pp. < 0.05 < 0.05 0.12 0.54
CO2 , 2 2.18 3.83 4.83 5.24
K2•O pp. < 0.05 0.03 0.13 0.20

R02, PP& < 0.05 < 0.05 0.08 0.18
<2, ppm < 0.05 < 0.05 0.04 0.17

R20, % 1.81 3.39 4.35 4.74
NO, ppm 1.20 223.32 990.85 1,580.
N02, pPm 2.46 8.65 18.99 24.08

! N2 , 2 77.17 76.54 76.13 75.94
W120, ppm < 0.05 0.04 0.24 0.41
0, ppm < 0.05 < 0.05 0.24 0.99
Ol, pPIs < 0.05 1.26 19.14 45.4i
02,2• 17.91 15.30 13.67 12.99

2. COMBUSTION CHARACTERISTICS OF THE YJU-COh STOR

In this study, two different pre-combustor can designs were tented.
The first pre-combustor can cousisted of a 2.5 ca diameter Hastelloy-X,
closed-and tube which was perforated with symotrically located 6.3 ca
dilmeter holes. A 1.4 rad (80*) angle pressure atomizing fuel nozzle and
primary air wirlier were attached to the open and of the 20 ce long tube.

-20-
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The annular gap between the can and the outer combustion chamber wall was
purged with low velocity secondary air. Inadequate cooling of the
Hastelloy-X can by the secondary air stream resulted in the destritction
of the pre-combustion can. Hesavy carbonaceous deposits were observed to
accumulate at the closed end of the can which ultimately affected the heat
transfer properties of the metal, such that the hemispherical end of the
can overheated and was badly deformed. After several attempts were made,
without success, to improve the durability and combustion efficiency of the
pre-combustor can, the design was abandoned and a 5 cm diameter open-ended
can-type pre-combustor was devised. The operating characteristics of the
pre-combustor that was utilized throughout the program are described below.

Gas temperature and combustion species distributionv at the
entrance to the catalyst chamber were determined for a set of op-rating
conditions which simulated idle (see Table II). Data were obtalaed with
an empty catalyst chamber, with an inert monolith in the chamber and with
an active catalyst in the chamber.

The data were obtaineu with temperature and g&P species probes
located at the entrance to the catalyst chamber, in the catalyat chamber.
and at the exit of the catalyst chamber. Details on the probesf used are
given in Section III. Table III sumarizes the flow and combu•stion
characteristics of the HCC for two diffnrent operating conditions. Figure 1
identifies the various parts of the combustor referred to in Table I11. The
results reported in Table III show the effect of altering the ratio of
secondary air flow between the pre-combustor annular gap (location 9) and
the 26 radial injection holes located near the open end of the can-type

combustor (location 10). In both conditions the primary air flow rate
remained constant at 20% of the total combustion air flow rate.

In condition 1, 65% of the total secondary air went through the
annular gap between the pre-combustor-can and the combustion chamber outer N

wall (location 9), while 352 went through the 26 radial injection holeb
(location 10). In condition 2 the split of secondary air going to the
quench zone vs. that going through the annular gap weei 40 to 60%. It should
be noted from the results in Table Ill that minor changes in the secondary
air split greatly affected the radial combustion species distribution. This
effect was caused by increased mixing due to the higher air injection velocity
through the 26 hole quench zone. The total air flow to the quench zone
increased from 35 to 40Z of the secondary flow. The gas temnperatures me.azured
across the duct diameter by four thermocouple protes (C, D, E, and F) were
approximately the same for both conditions. The average CO concentration
across the duct at the entrance to the catalyst chamber for condition 2 was
about half that for condition 1. The corresponding change in radial air
injection velocity was from 17 to 19.5 */a in going from condition 1 tn
coudition 2.
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TABLE III

VIZ CHA&CTERISTICS IN THE
WXAR CAT.ALYTIC CQ"USTOR

Lelign Conditions:

Combustor Pressure: 37N k?&
Air Preoeae& Tamp :400 K
Prioury *:1.5
Overa1 *-:
lefarenca Velocity: 24.4 rn/S

,4ctusl Condivioaae;
L~oaio in

Conditioc 1 V±igurA I Condition 2

34(1) auurrP-g s (IcPs) 334

11.5 (2) P au , i1.5
0.3 (3) Over~all, 0.3

24.6 (8) Mvfreac iVelcity (a/Uy 64.6

T/C (5 P4 1o Ixeýi) 115 1
266()Twx il"Fowrt ( &/) 26.3

3.3106 7 0 9 006 j (C) r 395t 4.5S 14 6.4
22.5 (9340 AL Vl Ars, Vr 45xw (=/a 14.4

3~~DigthtAI32010 (iVW 350tx ".611.,2
V.ol.$4~ upstrea of "iia Sk a .z 1 0.6 52

-22-W.6(1)Vo.U~tr"o li e.14.4
4b 71I ix't* ns

5111 T/ (C 2



The combustion efficiency and combustion product distribution
profiles obtained under condition 2 could possibly have been improved if
the amount of secondary air flow through the 16 radial holes was increased
beyond 40 percent, but this could have resulted in excessive pre-combuator
can temperatures due to inadequate cooling. All of the combustion efficiency
data and emission index data discussed in the rest 5f the report were
obtained with the combustor operating at condition 1. It is interesting to
note that NO. concentrations were almost double in the better mixed method of
operatlon, i.e., condition 2.

To further characterize the gas tempea'ature ard co-.bustion species
distribution, axial temperature and species concentration profile measure-
ments were made on the centerline of the combustor. Table IV and Figures 7,
8 and 9 present the information obtained on the pre-coubustor axial and
radial temperatures, and UHC and NO, concentrationa at an overall 4 of 0.3
and a pre-combustor 6 of 1.5. Table IV preventsthe data obtained from the
measurement of the centerline CO, UHC and NO cooncentrations, as well as the
gas temperatures in the pre-combustor secondaly mixing section and in the

Ity catalyst chamber. The gas temperature leaving the pre-combustor can,
before the secondary quesch airwas mixed in was on the order of 1570 K.
Thermodynamic calculations (presented in TUble V) predict that if the system
were adiabatic, this temperature would be about 2050 K at a 6 of 1.5 (12).
The differance in temperature is probably due to heat losses from the system
to the quench air. The rapid addition oi secondary air through the 26 hole
quench zone reduced the gas temperature to about 1120 K, which corresponds
to a 0 of 0.3. Thu axial temperature profile through the rest of the
s mpliuv pnto, Idauti~ftd as locations G through 0, remained relatively
•u~cten. Tho mesuread W0 and 01 cotaotrations at the catalyst chamber
•a Qj arne quite well w ihthe tharmodyusaic calculations for 6 - 0.3

as eutlzed in T.oblo III and V. The axial concentrations of CO, UHC
&ad h\•• •,in Table IV Ullustrate the effectiveness of quenching that was

6h - Uy the 26 high v•locity secondary air jets.

Vilure 7 ahows t1w axial distribution of UHC and NOx at an overall
k 0,3 with zi e.•pty catalyst chamber. The measured NO, and UHC concentrations

• VýI 4atuk (.th experimental error) over the 20 cm leagth. The corres-
jwdea& t,• • L~ ce time in the 20 cm path length was in the order of 2-3 as.

S3� '3 aplot of the radal distribution of gas temperature and hydrocarbon
. ,\tA.a'-&C"V at the catalyst chamber inlet for conditions 1 and 2 described

\,0 -Ovlo"Iyu ' (aee Table 111). The effect of increasing mixing by incroasing
0t.t, .ý'nl ý, through the 26 secondary air jets is a minor change in the radial
, eas•' a ptPof ile, but a significant change in the radial hydrocarbon
csnotr'toxt prokile. Although the hydrocarbon and temperature profiles
wore aore ouifors for con itiov 2, it was decided to conduct all the subsequent
etetpxg of catalysts uwder condition 1 because the fate of large concentrations

of unrectod CO and URC would be more easily and more accurately determined in
the catalyit chmber where subsequent conversion of these species would occur.
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TABLE IV

AXIAL TEMPERATURE AND COMBUSTION PRODUCTS
DISTRIBUTION IN 1jPTY CATALYST COMBUSTION CHAMBER (DRY BASIS)

Pre-Burner * - 1.5 overall * - 0.3

Pre-Combustor

Location Temperature CO HC

(See Figure 1) (K) (ppm) (ppm) (ppm)

A 1573
B 1361 --..

C 1126 480 210 22

Catalytic Chamber

G 1133 475 200 21
H 1133 475 220 23
1 1133 445 190 19
J 1111 445 200 18
K 1139 .475 200 21
L 1122. 435 . ... 200 19
M 1116 482 180 20
O 1150 425 80 24

:1
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Figure 9 shows the axial (centerline) gas temperature distribution
in a monolithic catalyst at an overall 0 - 0.3. A comparison of these
temperature data vith similar data for an empty catalyst chamber given in
Table IV shows that there was no temperature rise across the catalyst. A
temperature rise would not be expected for such low concentrations of UHC
and CO since the combustion process was better than 98Z completed before
the gas mixture from the pre-combustor entered the catalyst.

Subsequent tests to determine the effect of an inert monolithic
catalyst support on the axial temperature profile within the catalyst chamber
were performed with the same results observed for catalyst KN (see Appendix II)
shown in Figures 7 and 9.

TABLE V

EQUILIBRIUM COMPOSITION OF PRODUCTS FROM JP-4
COMBUSTION WITH AIlt. AT 300 kPa

Preheat Temperature 400 K Adia-
batic Flue Gas

Mole Percent Temp. Molecular
01 C07 CO H-) NHA NO NO,) K Weight

.05 19.86 .705 539 28.96

.1 18.75 1.39 675 28.96

.2 16.55 2.76 .001 930 28.95

.3 14.37 4.10 .013 1165 28.94

.4 12.21 5.43 .054 .001 1384 28.93

.5 10.06 6.74 .134. .001 1589 28.92

.6 7.92 8.03 .002 .001 .2i9W .001 1780 28.91

.7 5.79 9.29 .018 .004 .371. .001 1960 28.90

.8 3.74 10.46 .093 .019 .457 .001 2125 28.87

.9 1.89 11.39 .381 .072 .445 2267 '-.80
1.0 .547 11.63 1.29 .246 .288 ?360 28.64
1.1 .064 10.57 3.36 .739 .096 2356 28.26
1.2 .006 8.95 5.89 1.60 .026 2288 27.77
1.3 .001 7.52 8.18 2.72 .008 2208 27.28
1.4 6.36 10.14 4.04 .003 2128 26.81
1.5 5.45 11.82 5.49 .001 2051 26.35
1.6 4.73 13.28 7.04 1976 25.91
1.7 4.15 14.56 8.62 1903 25-.49
1.8 3.68 15.71 10.22 1832 25.09
1.9 3.28 16.75 11.80 1763 24.71
2.0 2.94 17.71 13.36 .001 1696 24.35
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The decision to perform all catalyst testing at condition 1 fixed
the air distribution mode, as indicated in Table I1I. Thus, the pre-combustor
fuel flow had to be reduced if overall P~s of less than 0.3 were to be

studied. Table VI suammarizes the required 4 in the pre-combustor to

achieve the indicated overall 4, or alternatively, the indicated catalyst
inlet temperature. It should be noted that to simulate idle according to
Table II, an overall 4 of about 0.15 would be needed, which would require
operating the pre-combustor at -0.75. If, on the other hand, climbout
or take-off simulation were desired, then the pre-combustor would have to
operate richer than 61.55.

TABLE VI

RELATIONSHIP BETWEEN COMBUSTION MIXTURES
AND TEMPERATURE IN THE PRE-COMBUSTOR

Pre-Comnbustor Catalyst Inlet (overall)
___________ 6Temperature (K)

1.55 0.312 1244

1.5 0.30 1165

1.42 0.285 1144

1.25 0.25 1050

1.11 0.22 990

H1.0 0.20 930

-3. DESCRIPTION OFCNIAECATALYST

Catalysts and substrate candidates were selected for testing by
matching the desirable features of catalysts for HCC application with
those of comrilyaalbecatalysts (i.e., contractual requirements
limited the selection to existing catalyst and substrates). The catalysts
were considered to consist of an active material such as Pt, a substrate

6 such as cordierite, and a wash coat such as alumina. Among the factors
considered in selecting the catalyst for testing were the maximum operating
temperature, potential pressure drop, compressive strength, resistance to
thermal shock and capability of retaining a high surface area wash coat.
The wdauim operating temperature for the catalyst was specified to be
the adiabatic flame temperature at the highest overall equivalence ratio
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contemplated for this study. Thus, at an overall • of about 0.3, the
maximum temperature would be 1165 K according to Table VI. In order to
take into account possible experimental deviation from the $ - 0.3 va&..e,
the maximum operating temperature of the substrate was limited to 1250 K
for specifying catalysts and materialc of construction.

One of the most important constraints placed on catalyst selection
was that high surface/volume configurations would be required if complete
conversions of unreacted CO and UHC were to be achieved under high space
velocity operation. This was due to preliminary indications in the
literatureJ3) as well as in our initial experiments(14) that the kinetics
were diffusion limited.

Other considerations in substrate selection included compressive
strength in the direction parallel to the gas flow, resistance to thermal
shock and magnitude of thermal expansiou. The substrates were also required
to be resistant to high temperature oxidatiou, and capable of accepting
and retaining high surface area wash coats uf refractory oxides such as
alumina, zirconia, magnesia, etc. The geometries of the 5.08 cm diameter
by 5.08 cm long catalyst supports obtained for this program included round
holes of different diameters, squares, rectangles, triangles, and other
more complex hollow configurations. The support materials included cordierite,
alumina, silicon carbide, metal foils, and screens.

Although the catalyst requirements mentioned above could be
satisfactorily met by a number of manufacturers and suppliers, the following
suppliers were selected because they were familiar with our requirements.
Also, some of these suppliers produced novel materials or geometries which
appeared promising for use in a catalytic combustor. T)etails about each
substrate tested are given in Appendix I.

* * General Refractories Co., Philadelphia, Pa.
. W. R. Grace & Co., Columbia, Md.
* Nortor Industrial Ceramics, Worcester, Mass.
e Nippon Sealol Co., Ltd. (Pure Carbon Co., St. Mary's Pa.)
* DuPont Corp., Wilmington, Del.
e Johnson-Matthey Co., Ltd., Reading, England
9 Matthey-Bishop, Tnc., Malvern, Pa.

In addition to containing a tabulation of the substrate properties,
Appendix I also includes limited experimental data on tests of substrates
that either had very high pressure drop characteristics, or low compressive
strength which resulted in their destruction at the reference velocities of
interest in this program.

the Packed nickel alloy acreens coated with platinum, manufactured by
the Mattbey-Bishop Co., were eho~v to have an isothermal pressure drop at a

ik reference velocity of 25 m/s of 54.6% for a support length of 7.6 cm.
Because of the .high pressure drop associated with this configuration, no
attempts were made to obtain CO and UHC conversion data under reacting flow] conditions. Subsequent umodifications to the packed screen support by
Matthey-Bishop, Inc. led to the catalyst support described in Appendix I,
Table NIX which was tested under reacting conditions.
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A tightly wound corrugated-metal-film catalyst support fabricated
by the Johnson-Matthey Co. containing 82 openings/cm2 was not tested under
reacting flow conditions since theisothermal pressure drop of 47% was
too kigh. The subsequent enlargement of the corrugated openings in this
substrate led to the fabrication and testing of the metal substrate
described in Table XVIII of Appendix I.

The 45 and 62 holes/cm2 cordierite monoliths supplied by the
W. R. Grace Co. described in Table XIV of Appendix I, exhibited moderately
high pressure drops under reacting flow ronditions. In an attempt to
find a louer pressure drop material, some isothermal pressure drop tests
were performed on a W. R. Grace cordierite substrate having larger holes.

1Compared to the W. R. Grace monoliths mentioned above, the new monoliths
had 31 holes/cm2 , but still failed to meet the isothermal Rressure drop
requirement. No further work was done with the 31 hole/cm4 monolith.

Some isothermal pressure drop tests were conducted on an alumina
"sponge" catalyst support supplied by the Clyde Engineering Co. of Miami,
Florida. The very fragile nature of this candidate material led to its
complete destruction at the 25 m/s velocity of the pressure drop test. No
further work was conducted with this support.

The detailed description of all the catalyst formulations tested
is tabulated in Appendix II and summarized in Table VII. The procedure used
to select the catalysts for this program included a-thorough literature search
and discussions with catalyst manufacturers. The literature search was

compiled into an annotated bibliography and issued as an informal report (13).
The report contains references to the general area of hydrocarbon oxidation,
catalyst preparation techniques, inventions and proc'sses involving homogeneous
or heterogeneous catalysts.

'iI

i
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The criteria used to select various catalyst formulations gradually
became more refined and specific as the initial set of results of CO and UHC
conversions at various temperatures in the hybrid combustor were obtained.
Initially, noble metal catalysts on stabilized alumina wash coats were
selected for testing, since the literature study clearly showed this class of
metals to be superior to all other metals for the gas phase oxidation of
hydrocarbons at initial temperatures of 400 to 600 K. The unpublished rerrults
of studies performed at Exxon also showed that noble metals promoted
ignition (light-off) of prevaporized-premixed JET-A and air mixtures at
lower temperatures than required for base metal oxides and rare earth
oxides viz., 520 K for noble metals as opposed to 750 and 930 K for base
metal oxides and rare earth oxides, respectively (14). The maximum operat-
ing temperature of the noble metal catalysts is limited by the volatility
of noble metals, wash coat sintering and noble metal crystallite growth
at temperatures in excess of ;300 K (fl). Catalyst deactivation can also
be caused by poisoning due to svtlfur, mercury, lead, etc. (16).

The catalyst described in Table VIT and Appendix II were obtained
from the various companies listed above. In some cases, the support was
manufactured by one of these companies and the catalyst and wash coat were
applied by one of the following companies:

* Oxy-Catalyst Inc., West Chester, Pa.

* W. R. Grace Co., Columbia, Md.

* Johnson-Matthey Co., Ltd., Reading, England

* Matthey-Bishop Co., Malvern, Pa.

4. * 'EM0Ds O PREPARI.IG CATALYSTS 1OR TESTING

Most of che candidate catalysts tested during, this program consisted
of cellular monolith segments thaZ were 5.06 cm diameter and 5.08 cm long.
Usually, four segments of the same catalyst were packed end-to-end in a
21.6 cm long thin wall (.033 cm) Hastelloy-X cylinder. To prevent bypass
around the monoliths, a thin coat of cordierite cument was applied to the
outer diameter of each monolith. After the cement was partially cured
overnight at room temperature, the monoliths were pressed into the tight
fitting Hastelloy-X cylinder. In this manner, the excess cement was neatly
removed from the monolith and a gas tight seal was created. The monoliths
were then prepared to accept the gas sample-thermocouple probes by drilling
0.317 m diameter holes, 2.54 cm deep, normal to the gas flow axis at
2.54 ca Intervals. These holes corresponded to the 0.317 cm diameter hole

Slocated in the Iasteilloy-X cylinder. The holes were ewily drilled in
cordliute monoliths with conventional steel drills, but carbide drill bits
w•re required to drill the holes in monoliths made of silicon carbide or alumina.
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Some o2 the catalyst candidates were made of rolled metal screens
or corrugated metal foils that were coated with high surface area Al 0 I which
was impregnated with catalytic materials. When catalysts of this coinguration
were tested, the manufacturer of the catalyst was supplied with HIastelloy-X
cylinders in which they mounted theai catalysts. While assembling the
metal screen substrate catalysts, the manufacturers provided a void at
the location where the gas sample and thert-couple probes were to be inserted.
Therefore, unlike the ceramic catalyst supported candidates, the metal screen
substrate catalysts were a series of 2.54 cm long segments with a small void
between adjacent segments. The corrugated metal foil catalysts were drilled
in the same manner as the ceramic catalysts. The gas tight pressure sealaround the metal supported catalysts was accomplished in the same manner as
previously described for the ceramic substrate materials.

The Hastelloy-X cylinder which contained the catalyst was inserted
into the catalytic combustion chamber. The gas sample-thermocouple probes
were then inserted through the holes drilled into the catalysts which were
concentric with the mating ports of the outer combustion chamber wall. The
thermocouple leads and stainless steel gas sample lines were connected to
the probes, and pressure checked via the soap bubble technique for leaks.

The catalyst combustion chamber was then bolted to the pre-
combustion chamber and the water cooled counter-current heat exchanger.
The entire hybrid combustor was checked for leaks and prepared for
test firing with JP-4.

5. PRESSURE DROP CHARACTERISTICS OF SUPPORTS

One of the major considerations in developing a viable cattalyt•ic
combustor is not to increase its volume over the volume of state-of-the-art
aircraft combustors while maintaining the pressr-e drop through
the coubustor at operating conditions at less than 6%. We therefore measured
the pressure drop through all catalysts tested with 400 K air at 0.31 MPa,
and under various reacting conditions. Figure 10 is a sumary of the
pressure drop measurments obtained for a wide variety of catalysts with
different geometrical configurations. The isothermal pressure drop data
were obtained with catalysts that were 20.32 cm long (four, 5.08 cm long
segments face-to-face). The reference velocity was varied from 10 to 26 m/s
by maintaining constant pressure of 0.31 MPa and constant air temperature of
400 K, but varying the air flow rate. Two different methods were used to
determine pressure drop. One method cons:sted of simultaneously measuring
the pressure at the catalyst inlet and outlet face with a strain gauge
differential pressure transducer. The other technique involved the
Individual measureamt of the catalyst inlet and outlet pressures with a
precision Bourdon-Tube gauge which was isolated from the catalyst chamber

j by an appropriate valving arrangement. Generally, the agreement between4 rthe two techniques was within 52. The latter method wae most often utilized
because of its simplicity.
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The geometry of any of the catalysts given in Figure 10 can be iden-
tified by referring to Table VII. The pressure drop data show that as
the surface/volume ratio of the support geometry decreases, so does the
isothermal pressure drop. Catalysts HH, UK and JH were observed to have
the lowest pressure drops of any catalyst tested. Catalysts HH and UK had
0.31 ca diameter circular openings,while JH was made of 0.16 cm x 0.32 ca
rectangular openings. Catalysts KT, KP, KN and KX exhibited similar pressure
drops because they had the same support geometry. The relatively high
pressure drop associated with these catalysts which were a product of the
W. R. Grace Co., was due to the large cross-section of the wall material which
separated adjacent channels. The W. R. Grace supports had a S V ratio of
2109 m2/m3 compared to that of catalyst PH which was 1937 m2 /m . However,
because of the difference in wall thickness between the two types of supports,
catalyst FH had a lower pressure drop. The differences in wall thickness
between substrates is due to the manufacturing techniques involved in their
fabrication.

The highest pressure drops were measured in support geometries
that were made of many discontinuous passages or channels in either metal
or ceramic materials. Examples of supports made with discontinuous channels
were catalysts NH and 1Q which were made from DuPont TorvexR and cordierite,
respectively. The DuPont support provided many radial flow passages which
were dead-ended to induce flow reversal and mixing. The cordierite support
was made by W. R. Grace Co. and contained many small rectangular passages
which Imparted a swirling motion to the gas stream.

Other high pressure •,up catalysts were those fabricated from
tightly packed metal screens, or from corrugated and tightly wound metal foils
such as catalysts P, PC and QE. Catalyst QF was also made from a metal foil
but the size of the corrugations were enlarged compared to catalyst P.
A catalyst of an entirely dif-eredt design consisting of a foamed cellular
skeleton of alumina which was made by a proprietary process from a polymeric
foam material manufectured by the-Scott Paper Co. of Chester, Pa. was tested
but found too fragile for aircraft applications. The support contained
10 pores/cm2 and was the product of the Clyde Engineering Co. of Miami, Fla.
No additional information on the physical properties of this material was
av#ilable.

In order to take advantage of the large S/V characteristics of
some of the supports that had excessively high pressure drops when tested
with 4 segments of the same geometry in series, some tests were conducted
by combining 2 low pressure drop segments with 2 hlgh pressure drop segments.
Thus, oombinations of catalysts PH and KQ, and PC and FL were tested. The
results shoved that the total pressure drop corresponded to the sum of the
Individual pressure drops from each segment.

The pressure drops measured under isothermal flow conditions
* (pre-combustor. off) increaissd as expected when the pre-combustor was

. .operated. The pressure rise was due to the increased volume of gas generated
by the high temperatures in the pre-combustor which increased the actual gas
velocity through the catalyst. As can be seen from a review of the pressure
drop data in Table VII. the difference betwuen isothermal and reacting flow
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pressure drop in a particular catalyst geometry cannot be accounted for solely
by the volumetric expansion of the air. Parameters such as Reynolds Number,
friction factor. geometrical shape, and the viscosity of the gas as a function
of temperature must be considered to completely understand the increase in
pressure drop. In all the tests performed in this study with the pre-combustor
operating, the flow through each channel in the parallel-,alled catalyst
monolithic support was In the turbulent flow regime. Typically, for a catalyst
inlet temperature and pressure of 1200 K and 0.37 1Pa, respectively, the
Reynolds Number was in the range of 4500-5500.

6. EFFECT OF s/v Oti CONVERSION

A series of tests with six different monolith geometries were
performed at a pre-combustor J of 1.5 which resulted in an overall i of 0.3 at
the inlet to the catalyst chamber (see Table VI). The reference velocity and
pressure were maintained at 25.8 *Is and 0.38 1MPa, respectively. The CO and
UBC cone ration at the catalyst bed inlet were in the range of 300 to 800 ppm.
A 1.7 kg/ln loading or (1/1) platinum/palladium was applied to the stabilized
alumina wash coat which covered the entire support. Each test was performed
with four, 5.08 ca long by 5.08 oa diameter segments arranged back-to-back. The
results plotted in Figure 11 show that the CO and UHC conversions can be
correlated with the S/V of the support. Complete descriptions for each of the
six catalysts are provided in Appendices I and II and are sumrried i•
Table VIII.

TABLE VIII

THE 1,7ECTS OF CATALYST LOADING AND
SUPPORT SURFACE AREA ON UNC AND CO CONVERSION

Percent 0sMtal
Wash Coat Metal Loading Conversion Support Mass Load

ejgS N.gLD2 (42 (X/02 ) JS- C Area Wm) x ra

GH 2473 52.8 0.684 87 98 1.016 0.695

is 1937 46.3 0.870 80 97 0.796 0.692

U 17 46.7 0.992 72 87 0.698 0.692

"in 1537 45.0 1.10 75 92 0.632 0.693

U LUPO 110 1.53 68 74 0.452 0.692

NI 996 100 1.79 52 47 0.409 0.732
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These data show that as the S/V ratio of the support decreased
from 2473 m2/U 3 to 996 m2 /m 3 , the area of the support available for
heterogeneous reactions decreased from 1.02 m2 to 0.409 *2 in the fixed
reactor volume of 0.411 a 3 . In order to maintain a constant metal loading
of about 0.7 g in the reactor, the amount of metal per unit area increased
from 0.684 g/m 2 to 1.79 g/m 2 as area decreased. These results imply that
surface area is an Important consideration for UHC and CO convers:ion since
the highest conversions occurred at the lowest metal loading pe" unit area.
These data tend to confirm data presented in the literature t'.at indicate
that heterogeneous oxidation is diffusion controlled at 1200 K (11, 13).
Thus, a desirable catalyst for CO and UHC conversion should have as large
a surface area as possible without exceeding the 6% pressure drop criterion.
It was also observed in these experiments that the oxidation of CO was
slower than that of UHC.

In order to verify this strong effect of support surface area on
UHC and CO conversions, a more detailed study was performed with catalyst
PH and JH. The effect of temperature over the range of 800-1200 K on
conversion was plotted In Figure 12. The slopes of the Arrhenius curves
obtained for CO and URC conversion indicated that the overall oxidation
reactions were probably diffusion limited. The activation energies were
2.38 and 7.82 kJ/Wol for the oxidation of CO and UHC, respectively. Interest-
ingly, the activation energies for UHC oxidation with both catalysts were the
some, and the activation energies for CO oxidation were also the same with both
catalysts, but as stated previously, the oxidation of UHC was more temperature
dependent than that of CO. These observations are consistent with the
strong effects of surface area on UHC and CO conversions observed earlier.
Other possible explanations of these results are provided by Cerkanowicz,
et al., (17).

7. EFFECTS OF SUBSTRATE MATERIAL ON CO AND UHC CONVERSIONS

Physical properties of support materials such as heat capacity,
thermal conductivity, and thermal expansion were considered important to
the overall operation of the catalyst. A brief study was therefore made to
determine the effect of these parameters on UHC and CO conversions. But,
because there were only limited variations of the materials of construction
currently available, the study could not be generalized. The materials that
were available for testing included cordierits, silicon carbide (bats form)
and uickel-chrome metal alloys. The composition of the catalysts which
were fabricated using these materials are listed in Table VII, viz., UK and
AA on silicon carbide, P, QU, QF and PC on metal alloys, and the remainder
on cordierite.

The best comparison between cordierite and silicon carbide as
supports can be made between catalysts UK and H•, both of which had similar
stcmotrical shapes (0.31 en round holes). Catalyst UK was made by tha
Nortou Co. with silicon carbide, and catalyst HH was made by the General
Raefzactories Co. with cordierite. Both catalysts were wash coated vith S1O2
stabilized almina and Impregnated with a 1.7 kg/m3 loading of (1/1) Pt/Pd.
The moh coat and active metal were applied to the supports by Oxy-CAtalyst,
Inc. A campsaism of the 0O and UNC conversions in the temperature range of
1139-1166 K showed that the silicon carbide supported catalyst promoted
higher conversions than the cordierite catalyst. The catalyst with the
silicon carbide support achieved 161 better CO conversions and 282 better
MC conversions, under similar test conditiois, than the catalyst with the
co•dlerita suppert. Although Isaufficimnt data are available, preliminary
Is catioms are that silicop carbide is more active tn promoting the oxidation
reactions. It is doubtful that a direct catalytic effect can be attributed to
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the silicon carbide, but as a result of the larger thermal conductivity of
silicon carbide than that of cordierite, one may speculate that better heat
transfer may have contributed to the higher activity of the silicon carbide
catalyst. The thermal conductivity of beta-silicon carbide is 0.213 W/mOC at
1300 K, while cordierite had a thermal conductivity of 0.071 W/m*C at 1200 K.
The specific heats of both materials were similar, viz., 0.8-1.3 kJ/kg C°(6).

e h During the testing of the silicon carbide catalysts, it was appar-
ent that: the response to thermal changes within the catalyst was very rapid.
Thus, when the overall J of the system was varied, a "step-change" in the
gas temperature within the support was observed immediately. With cordierite,
on the other hand, the gas temperature within the support changed much more
gradually in response to the change in •.

The effect of the silicon carbide support in catalyst RA (rare
earth oxide catalyst) cannot be compared directly with other catalysts sir.ýe
catalyst RA contained no wash coat. When compared with catalyst KR, a
cordierite supported rare earth oxide catalyst with an alumina wash coat,
RA achieved slightly higher UHC conversion, but much lower CO conversion.
In view of the few SiC supported catalysts tested and the scatter of the
data, no definitive justification for specifying one substrate over another
could be made.I •A comparison of the effects of cordierite and metal foil supports

on the conversion of CO and UHC cannot be made from' the available data since
t •the only successful metal supported catalyst had a S/V of 4100 m2 /m3 which

Snearly twice as great as the largest surface/volume of 2473 m2 /m3 for the
available cordierite supported catalyst. However, as was observed with the
silicon car'bide catalysts, the thermal response of metal supports was much
superior to cordierite based catalysts.

Some comments on the subject of durability of catalyst supports at
high temperatures are needed. Evidence of the potentially disasterous effectI I of high temperature on supports was obtained early in the experimental phase
of the program. A severe problem concerned with melting of cordierite
catalysts was encountered. The catalyst was observed to melt or deform when
an ignition delay in the pre-combustor was experienced. Usually, a faulty
ignitioa electrode was responsible for the ignition lag which could be on
che order of a few seconds. During the period before ignition of the pre-
combustor, the unburned JP-4 was deposited on the surfaces of the catalyst.
Some fraction of the liquid fuel was adsorbed by the support material or wash
coat or both. Subsequent ignition of the pre-combustor gave rise to near
stoichiometric flame teiperatures on the surface of the catalyst which caused
the support to melt or become sufficiently plastic to be badly deformed. In
order to determine if this severe thermal condition was being catalytically
promoted, a cordierite support without wash coat or catalyst materials was
tested. The support melted even though the measured gas temperatures within
the support never exceeded 1200 K, which is substantially less than the melting
point of cordierite. It was therefore concluded that it was not necessary
for the observed phenomena to be catalytically promoted.
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It was thought that the problem associLed with faulty ignition
could be mitigated if the catalyst support was made of a high melting point
and high thermal conductivity material. However, catalyst QF, which con-
tained a high temperature metal alloy foil support melted when an ignition
delay of the pre-combustor occurred. Again, as had been observed in tests
with cordierite supported catalysts, the measured gas temperature never exceeded
12G0 K within the catalyst bed or at the entrance of the bed. The melting
point of the metal alloy, although not determined, was estimated to be about
1800 K.

During the tests with silicon carbide catalyst, no melting or deform-
ation of the support was observed. If an ignition lag in the pre-combustor did
occur, there was no way of detecting it within the catalyst with the employed
techniques, since the useful operating temperature of silicon carbide in an
oxidizing atmosphere is presumed to be in excess of 1900 K.

8. EFFECTS OF WASH COAT MATERIALS ON CO AND UHC CONVERSIONS

Activity of supported catalysts is significantly enhanced by the
application of a high surface area material to the surfaces of the support.
The BET (Brunauer, Eett and Teller U8)) surface areas of gamma-alumina
wash coats applied to some of the candidate catalysts before exposure to
gas temperatures above 1200 K were measured by Oxy-Catalyst Inc., to be on the
order of 140-160 m2 /g (1). After exposure to high temperatures, the surface
areas of unstabilized wash coat materials were reduced to 1,0 m2 /g. However,
depending upon the concentration and preparation techniques employed, and
type of stabilizers in the wash coat, the surface area of the alumina could
be maintained at values approaching 10 *2/g. The various wash coats applied
to the catalysts tested in this program are listed in Table IX.

TABLE IX

WASH COAT C oMSITIONS

e A1203 + Si02

* NIO + S102

SZr2 + COO

V A1203 + C02

a A1203 + CuO + Cr203 + WnO2

Although BET surface areas were not measured after the catalysts
-tre exposed to hih temperature oidizing streams, some rough indications of
the effectiveness of the wash coat on CO and URC conversions were discerned
from the results. A comparison of the UHC and CO conversions at 1200 K for
catalysts KP and W, which ware 0,117 Irregular rectangle opening cordierite
wonoliths from the W. Rt. Grace Co., showed that for the came Pd loadings, the
ZrO2 + CoO wash coated catalyst 1ad less activity than the .11203 + CuO +
Cr203 + H002 wash coated catalyst. It should be noted that the catalyst K?
had twice "s much wash coat material "s catalyst KU. Thus, an alternate

N ."explanation might be that excessive wash coat material is detrimuental to the
activity of thm catalysts.
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The effect of wash coat loading for the catalysts having the same
noble metal loading, but different S/V~can also be seen when comparing catalysts
GH and UK. Both catalysts contain approximately 13 g of noble metal per kg of
wash coat, but catalyst UK contained twice the wash coat loading (on an area
basis) and achieved approximately 75Z the conversion of catalyst GH for UHC
and CO. A similar observation can be made for catalysts PiH and HH. Both
catalysts contained about 17 & of noble metal per kg of wash coat, but catalyst
HH had about twice the wash coat loading, i.e., 100 g/m 2 as compared to 46 g/m 2

for catalyst PH. In this case, catalyst 1H converted only about half the CO
and UHC that FH achieved. It should be noted that in the comparison of GH
and UK, and PH and HHthere was also a S/V change of about 2 for each pair.
Thus the possible wash coat effect cannot be fully disassociated from a S/V
effect.

•I A comparison of the effect of dissimilar wash coat materials on CO
and UHC conversions can be made with catalysts KT and KU. Both catalysts
had similar support geometries but different noble metal loadings and wash
coats. Catalyst KT had a noble metal loading which was 1.31 kg/m3 ,consisting
of a 23/1 (by wt.) mixture of Pt/Rh on a NiO + SiS2 wash coat. Catalyst KU
had a 0.39 kg/M3 loading of palladium on an A1203 + CuO + Cr30 2 + MnO2 wash
coat. Although catalyst KU had 1/3 the noble metal loading of catalyst KT,

the CO and UHC conversions measured at 1200 K for catalyst KU were 19 and 22Z
greater, respectively, than the conversions observed for catalyst KT. Since
the activities of platinum and palladium for hydrocarbon oxidation in the
temperature range of 1000-1200 K would not be expected to be vastly different,
it appeared that the difference between the CO and UHC conversions in catalysts
KT and KU were due to variations in wash coat formulaticns.

Sufficient test data were not available to allow for significant

comparisons to be made on the effect of CeO and Si 2 in A12 03 on UHI and CO
I conversions. Also, because of the nature of this program, which was primarily

to evaluate a large number of available catalysts, no detailed results were
sought on the effects of wash coat formulations on catalytic activity. The re-
sults presented above are very speculative in view of the large number of
variables that can affect catalyst activity.

9. THE EFFECTS OF CATALYST FORMULATION ON CO, UHC AND NOx COfIRSIONS

The proceding sections discussed how the e'?fectiveness of oxidation
catalysts depends on various chemical and physical parameters associated with
of the support material, its geometrical configurationand the wash coat forinla-

S'+ tion. None of these parameters, by themelves, are as important in the

1' oxidation of a hydrocarbon as the type of active catalytic metal which is
S~impregnated into the wash coat. To understand the activity of catalytic metals

,+ •.• in hydrocarbon oxidation reactions, each of the candidate metals or combinations
i-+!' |i of metals were tooted over the same range of' gas temperatures, equivalence

Sratios, and pressures. Having previously obtained inications of the effects
. of the catALlyst lsupport (material, wash cost, etc.) on UHC and CO conversions$,
! the specif• ac f feet of the catalytic materials and their loadings on the

conversion of potential pollutants was sought. Table VII sumarizes the
experimental test results obtained for all the candidate catlaysts under the
test conditioni listed in Table III under condition 1.
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The activity of noble metal catalysts on CO and UHC conversion
is compared in Table X. Based on the data in Table X, it can be concluded
that within experimental scatter there is little apparent advantage in
using either Pt or Pd as the active metal. The two other noble metals
tested were Rh and Ir, and they show lower activity than Pt and Pd.
Comparing catalysts KT which contains 0.63 g/m 2 Pt/Rh - 23, catalysts
KU containing 0.19 g/=2 Pd and KN containing 1.33 g/m2 Pt/Pd - 2.5, one
can see that KU contains an intermediate noble metal loading but is the least
effective oxidation catalyst of the three. Similarly, when compariug catalysts
FH and ZD + FE which contained about 0.9 g/m 2 noble metals each, it can be neen
that the Pt/Ir - 1 catalyst (PD + FE) was less active than the Pt/Pd - 1
catalyst (FN). It vast be emphasized that these results are presented to
indicate apparent trends and should not be used to eliminate any one of the
noble metals from consideration as a catalytic component. None of the results
presented above were duplicated nor were corrections introduced for other
factors such as wash coat composition to clearly focus on the metal activity.
In general, one can say that activity improved with increased noble metal

Sf loading and Increased S/V. It is also apparent from Table X that catalysts
that are very active for CO oxidation are also very active for UHC oxidation.
The CO conversion data from all experiments was compared against the UHC
conversion using a linear least squares regression technique and was found toScorrelate well. The fraction of explained variance (R2 ) was 70%, i.e., 701
of the variation is accounted for by the line. Figure 13 presents a plot of
conversion of CO vs. conversion of USC. It can be seen in Figure 13 that URC
conversions are generally slightly higher than CO conversions but correlate
along the diagonal. Thus, as inferred before, USC conversion seem to occur
at a higher rate than CO at the sme operating conditions.

TABLE X

EFECT O? NOBE MAL COMPOSITION ON OXIDATION ACTIVITY

Conversion Wash matal
Catalyst S/V CO UnC Coat Loading Metal Ratio

WT 2109 69 70 52.3 0.63 Pt/Rh -23
U 109 82 86 39.2 1.33 Pt/Pd - 2.5
IX 2109 62 67 60.0 2.60 Pt/Pd - 1
RD 2109 82 92 37.5 0.19 Pt/Pd - 0
EQ 2109 91 96 44.1 1.55 Pt/Pd - 0
S1 1937 80 97 46.3 0.87 Pt/Pd - 1
72 1937 75 74 49.2 0.28 Pt/Pd - 1

* VT 1937 78 83 49.2 1.70 Pt/Pd - 0
IV 1937 74 62 49.2 1.69 tPd - 0
.I 1937 64 66 40.5 0.20 Pt/Pd - 0

PD + 1v 1937 s50 60 47.8 0.88 Ir/Pd -Il
in 1537 75 92 45.0 1.10 Pt/Pd - I

SW157 40 60 49.6 0.25 Pt/Pd- 0

~' 6
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10. THE TEMPERATURE DEPENDENCY OF CATALYST ACT'IVITY FOR4!HC AND CO CONVERSION AND NO, PRODUCTION

To determine the temperature dependency of catalytic oxidation
of UHC, CO and NOx precursors as a function of catalysts, a majority of
the catalysts described in Table VII and Appendix II were tested over a
range of inlet temperatures from 800 to 1200 K. The pre-combustor air
inlet was maintained at 25 m/s and the combustion chamber pressure was
held constant at 0.37 HPa. The gas temperature at the catalyst bed
inlet was varied by maintaining constant air flows but varying the JP-4
flow rate. As was discussed in Section III, the overall equivalence
ratio of the gas mixture entering the catalyst was determined by the
equivalence ratio of the pre-combustor primary combustion zone, which
was varied from 1.5 to 0.6. The corresponding range of overall 6 was
0.3 to 0.12. These experimental test conditions simulated the aircraft
gas turbine "idle" power setting. The operating parameters which described
the various power settitngs of aircraft gas turbine engines were given in
Table II.

The temperature dependency of catalyst activity toward UHC, CO
and NOx conversions are given in Figures 14 through 32. The plots were
prepared to show the percent change in UHC, CO and NOx concentrations
experienced by the pre-combustor gases traversing a 20.3 cm long catalyst
bed. Gas sample probe measurements at the inlet and outlet of the catalyst
bed were obtained as a function of catalyst bed inlet temperature. The
ordinate is the percentage change in concentration rather than the absolute
concentration, because the concentration of CO, UHC and NOx entering the
catalyst varied slightly due to fluctuations in the fuel flow rate, which
were on the order of 52 of the indicated rotameter flow. The air flow
rates were corrected for temperature changes but uncertainties in the
rotameter readings were about 5% of the total air flow rate.

A review of the temperature dependency plots for each catalyst
shows that an increase in the NOx concentration, without exception, occurred
probably as a result of the catalytic oxidation of nitrogeneous molecules

which were formed in the pre-combustion zone. It is believed that nitrogen
bearing molecules other than NO or N02, such as NH3 or HCN, were formed in
small concentrations in the pre-combustion zone. The catalytic oxidation
of NH3 and HCN, especially over noble metal catalysts, may have been nearly
complete, with the result that the measured NOx concentrations at the catalyst
exit were greater than the values measured at the catalyst inlet. Tests
conducted with inert catalyst supports or a catalyst chamber void of all
material showed that homogeneous oxidaticn reactions did not cause the NOx
concentration to increase. In general, it mw observed that if a particular
catalyst achieved high CO and UHC conversions, then the increase in NOx
across the catalyst was also very lares, on the order of 45-501. In
referring to Figures 16 and 17 which describe the activity of noble metal
catalysts PH and XQ, it can be seen that the N0, concentration curves are
not very temperature dependent. The fact that the maximm increase in NOX

~, .. ~ •.].'. . V48iý
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concentration occurred in the temperature range of 900-1000 K may be
related to the equivalence ratio of the pre-combustor. Referring to
Table VI which summarized the relationship between pre-combustor •,
overall 0 and catalyst inlet temperature, it can be seen that the maximum
increase in NOx concentration in catalyst PH and KQ coincided with near-
stoichiometric pre-combustor operation. Similar effects were observed
for nearly all noble metal catalysts. This was, however, not the case
with rare earth oxide catalysts KR and RA shown in Figures 19 and 20,
respectively. By comparing the REO catalysts with noble metal catalysts, it
was observed that the increase in NOx concentration seemed to be wre tcpera-
ture dependent with REO catalysts. The curves showing the effect of temperature
on concentration change of emissions can be used to predict the activity of
a combination of catalyst segments. Such combinations are desirable to
overcome pressure drop limitations. Thus, two 5.08 cm long segments of
catalyst KQ which had acceptable UHC and CO conversion characteristics
(see Figure 17), but an undesirable pressure drop,were combined with two
5.08 cm long segments of a low pressure drop catalyst FH (see Figure 16).
This combination is referred to as catalyst PH & KQ in Table VII and its
emissions are included in Figure 24. Catalyst FH was previously observed
to convert 80 and 97% of the CO and UHC, respectively, at 1200 K and the
pressure drop uuder reacting conditions was 5.4%. Under the same test
conditionus catalyst KQ had a pressure drop of 19% with 91 and %6% CO and
UHC conversions, respectively. The combination of catalysts FH and KQ
resulted In a reacting flow pressure drop of 11.8%, and CO and UHC
conversions of 93 and 92%, respectively. These results demonstrated that
the catalyst can be tailored by judiciously choosing the proper support
geometries to achieve desirable pressure drop characteristics and low
emissions.

The search for catalysts that would remain active after exposure
to temperatures in excess of the 1300 K for long periods of time was
directed at other than noble metal catalysts, since noble metals migrate,
form crystallites, and vaporize, thus promoting catalyst deactivation.
The catalytic activity of rare-earth oxides was found to be insufficient
(see Figures 19 and 20). Catalyst KR and RA contained mixtures of rare
earth oxides (R2O) on cordierite and silicon carbide supports, respectively.
The cordierite supported REO was wash coated with stabilized Al 03,while
catalyst RA consisted of a corrugated silicon carbide support Zhich was
coated with a mixture of lanthanum, strontium and manganese oxides in the
absence of any wash coat material. The data in Table VII showed that the
presence of the high surface area A1 20 3 Wash coat on KR did not significantly
affect the UHC and CO conversions compared to catalyst RA which had no wash
coat &and a such saller geometrical surface area support than catalyst KR.
The RED loadings were 68.25 &/m2 on RA compared to 13 g/m2 for catalyst KR.
Since such massive catalyst loadings did not produce acceptable CO and UHC
conversions on high surface area supports, no further testing was conducted
In this program. One of the interesting characteristics of RMO catalysts
=wa that they seemed to be fairly good hydrocarbon oxidation catalysts,
"especially at tumporatures in excess of 1200 K, but poor catalysts for CO

conY'siauI
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The REO catalysts were ineffective in promoting the CO oxidation
reactions below 1100 K. This effect was evidenced by the fact that the CO
conversion curves for both catalysts passed through the ordinate zero in
Figures 19 and 20 at 1100 K. At 800 K, both REO catalysts generated nearly
30% more CO than had entered the catalyst bed. At this low temperature,
where the overall- 0 was about 0.15, the hydrocarbon coaveLsionb were only
about 10Z. Thus, hydrocarbons were apparently incompletely oxidized to CO.

The thermal deactivation of a noble metal promoted base metal
oxide catalyst was observed to occur during the testing of catalyst KU. In
Figure 21, the temperature dependency of catalyst activity toward CO and
UHC conversion and NOx production is plotted for two different run durations.
The dashed curves were obtained over a 70 minute period beginning with a
fresh catalyst. The solid curves were obtained after an accumulated test
time of 140 minutes. Apparently, catalyst deactivation was occurring even
over such a short period of time. Whether this mechanism was due to
sintering of the wash coat, migration of the noble metals or some reaction
between the noble metals and the base metal oxides was not determined.
Subsequent to the compltion of the tests, it was learned from a private
comunication with Dr. W. Retallick of Oxy-Catalyst, Inc., that he had
observed similar catalyst deactivation processes when copper was one of the
base metals used in the presence of platinum or palladium (L9). Dr. Retallick
postulated that copper and noble metals react in some manner which is
detrimental to activity maintenance at high temperatures. Since noble metal
promoted base metal oxide catalysts were among the most active tested during
the program, a study of the effects of eliminating the copper from the
catalyst formulation was initiated. Catalyst FV was prepared from square
opening cordierite impregnated with 3.3 kg/m 3 palladium and Cr2 0 + MnO with
an A1 2 0 3 wash coat applied over the active materials. The resulis of tRe
test with FV are plotted in Figure 26 and show that compared to the results
obtained with catalyst KU plotted in Figure 20, the activity of catalyst KU
containing CuO was superior to the copper-free catalyst. Since the
wash coat was applied over the active materials, the test did not provide the
desired comparison with a copper bearing catalyst. It was surprising that
any CO or UUC conversions were observed at all for catalyst FV. Tim did not
permit the testing of a properly prepared catalyst free of copper.

A combination of catalysts containing 1.7 kg/m 3 loadings of palladium
or iridium on SiO2 stabilized alumina were tested on square hole cordierite
support.. Two segments of each type of catalyst (FD & FE) were arranged in
"en alternating fashion within the catalyst chamber. The test results, ahown
in Figure 32 and Table VII, indicated that the combination of Pd and Ir was
not a good hydrocarbon oxidation catalyst, but a better catalyst for CO
oxidation. The data plotted in Figure 32 were not typical of noble metal
catalysts previously tested in that the level of CO conversion remained
essentially constant at 502 over the temperature range from 900 to 1275 K.
The large increase in NOx concentration formarly measured in noble metal
catalysts was not observed with the combination catalyst FD & FE. From
these preliminary test results it appeared that the incorporation of iridium
into a platinumi-palladium catalyst may promote the CO oxidation reactions and
maintain high UHC conversion.
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One of the catalysts that exhibited high CO and UHC conversion
in the temperature range from 1000 to 1250 K, and met the 62 pressure drop
requirement4 was catalyst QF. The catalyst was manufactured by the Johnson-
Matthey Co., Ltd. of England. This novel catalyst consisted of a corrugated
and rolled metal alloy film wash coated with highly stable A1 20 3 and
impregnated with 5.27 kg/a 3 of platinum. On a mass per unit areas basis,
the platinum distribuion was 1.04 g/m 2 . The in~eresting aspect of this
catalyst was that its S/V ratio, viz., 4100 m/mI , was much
larger than the best non-metal support geometry which was 2473 m2 /m3 for a
triangular geometry monolith (GH). The large S/V ratio of the metal support
resulted from the extremely thin wall between adjacent corrugations which was
0.05 me. The alumina wash coat was applied in a manner which precluded
spahling or cracking. The temperature dependency of catalyst QF toward UIC
and CO coversion and NOx production is shown in Figure 30. Because catalyst
QF was a very active CO and UHC oxidation catalyst, it was also observed to
be an efficient promoter of the oxidation of NOx precursors, as evidenced by
the 50% increase in NOx measured across the catalyst.

One important distinction to be kept in mind when comparing th6
temperature dependency of QF with the other catalyst candidates is that t',e
length of QF was 15.25 cm compared to the majority of other catalyst3 where
the length was 20.3 ca.

The high CO and UHC conversions obtained with catalyst QF were
due mainly to the large geometrical surface area of thim catalyst support,
made possible by the thin walls of the cells. Tha, actual geo= trical surface
area of the 15.25 cm long by 5.08 cm diameter catalyst was 1.56 m2 compared
to 0.761 u2 available in aw equivalent length of catalyat CH.

11. THE EFFECT OF BED LENGTH AND TEIMPlATURE ON WOhVERSIONS

Some interesting data concerning the effect of catalyst bed length
on CO and UIIC conversions and NOx productions warQ obtained for catalyst XQ
over a temperature range between 700 and 1200 K. The air preheat temperature
was 400 K. The combustion chamber pressure was 0.3? NPa amd the reference
velocity was 25 */s. Catalyst bed inlet temperatures were changed by varying
the JP-4 flow rate while maintaining a constant air flow. 'The effect of
catalyst bed length on conversions was found by rumnning a series of tests
with two, 5.08 cm long catalyst segments inserted LU the catalyst chamber and
another set of tests with four catalyst segmente in the catalyst chamber.
During each series of tests, the temperature of the pre-combustor gases was
varied over the same range. CO, UHC and NO, concentrations were measured
with the multi-probe sampling devices described in Section III.

The results cf the tests were plotted in Figures 33 and 34 which
show the percent change in CO, UHC or NO, concentration as a function of
total catalyst length for various catalyst temperatures. All of the curves
had their origin at xero concentration change since, without a catalyst
present in the chamber, little or no change of UHC, CO or NOx was observed.
The curves showing CO conversions as a function of temperature indicated
that a catalyst bed length of 20 ca (L/D - 4) was required for 90% conversion
at 1200 K. At low teuperstures, the curves indicate that much longer beds
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containing similar noble metal loading are required for high CO conversions.
Similar effects are plotted in Figure 34 and show UHC and NOx concen-
tration changes as a function of temperature and bed length. The set ofcurves plotted for NOx conversions as a function of temperattre shows

the effect of the pre-combustor equivalence ratio. As can be seen, the
maximum increase in NOx concentration is observed to occur in the temperature
range of 900-1000 K, with the lowest increase in NOx concentration occurring
at 1200 K a wl, temperatures less than 700 K. The pre-combustor • was neaz
1.0 when the catalyst bed inlet temperature was 930 K.

* 12. THE RESULTS OF A 20 HOUR DURABILITY TEST OF CATALYSTS QF AND KQ.4 ............. . r evleing the reisuts of the catalyst screening tests which
were summarized in Table VII, two of the most effective CO and UHC oxidation
catalysts were selected for a 20 hour durability test at 1200 K. The
temperature at which the tests were conducted was chosen to accelerate
catalyst deactivation and thus approximnte realistic operation. The
catalysts chosen for this test were KQ and QF. The results of the test are
plotted in Figures 35 and 36. Total accumulated test time at 1200 K

* )catalyst inlet temperature were plotted against the percent change of CO,
SUHC and NOx concentrations which were observed across the catalysts. It
should be noted that the durability test was conducted by running the
combustor for approximately 5 hours a day for 4 days. Thus, the durability
runs were a severe test of catalyst sensitivity to intermittent operation,
i.e.,thermal cycling. Figure 35 shows that catalyst QF converted 94% of
the hydrocarbons and 81% of the CO at the beginning of the test. The
catalyst also increased the NO concentrAtion by 42%. After 16.5 hours of
accumulated test time at 1200 1, the UHC and CO conversions were 88 and 94%,
respectively, while no increase in the catalyst inlet NO, concentration
occurred at this time. It is apparent from the shape of the NOx data points
that some change occurred to the catalyst which nay have selectively
inhibited the conversion of nitrogeneous molecules to NO 1 . The sudden drop
in CO and UHC conversions after 16.5 hours was due to the inadvertant
destructinn of the catalyst. This occurred as a result of an ignition
delay experienced in starting the pre-combustor which allowed JP-4 to be
deposited on the catalyst surface. Subsequent ignition of the pre-combustor
led to the generation of near stoichiometric gas temperatures on the
catalyst surface. Extensive deformation and melting of the metal support
resulted. Upon closer inspection of the catalyst support it was found that: in
the area $.mwdiately surrounding the melted zone, the alumina wash coat
remained Intact and no separation of the wash coat from the metal support
was evident. Testing of catalyst QF was discontinued after a total of
18.75 hours at 1200 K.

I In order to attempt to explain the gradual decrease in the percent
change in NO, concewtr'tion observed in catalyst QF, the NO, NO2 and NOx
data which were measured during every teat, were plotted in Figure 37.
Figure 37 shows that at the btginning of the 2 our test the NO2 concentration
began to increr-e to about 50% of the initial concentration measured at the
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catal.yst inlet. No and NO, cocm~tration changes remained'fairly constant
at 55%. In the subsequent periodafter 7.5 hours, the change in NO, NO2
and NO, concentrations relative~ to the catalyst bed inlet concentrations
began to approach zero. When rio change in the No, NO2 or NOx concentrations
was observed to occur across the catalyst, typical total NO1 concentrations
at the catalyst inlet were 2W-25 ppm. The sudden change in the slopes of
the curves at 16.5 hours was due to the destruction of the catalyst.

Then 20 hour CO, VH{C and NOX test data for catalyst KQ were
plotadinFigure 36, 'hich showed thtafter 22hours'of accumulated time
12l0L~1 the hydrocarbovn conversions decreased from 94 to 67% while the

tXO convereionai decroastd from 90 to 532. Over the same period, the NO1
cnentratla' increagMe remained fairly constant between 10 and 40%.

................ Froi~ ±~a~rfo~iof ..the 2~~ortest -data of' catalysits QF and KQ
it waa clear that the activity of catalyst KQ began to decrease rapidly
aftox 12.5 tiours, but the cat~alyst activity stabilized at a new, lower
level &a4 xamained fairly conatant through~ the remainder of the test.
Catalyst QF, however, did not show any indications of deactivation for UHC
and CO conversions at the end of 16.5 hours, but changes in the NQx
conversion characteristics were evident throuGhout the entire period.

13. METdODS POR DETM~INIWG COMBUSTION EFYICIENC12 AND
THE EMI1SSION1 IN~DL OF EXHAOST PRODUCTS

All of the experlwatal studies wero couduicted with a hybrid
catalytic comibustor, which consisted of a cow~entionaal pzu-combuzstion
stage followed by &i ctalytic com~bustion stage'. The. corabustion efficiencies
aud emission indices in both sections of tht coubub~tar were c~alculated froUa
the measurements. of unburiwd hydrocarboas, CO anid 140x. The unaasuro-d gas
temperatures in both stagea of combustion confi'cutd the calculated combustion
ef ficiencies.

Thits stetion of the report is divided lito three parta which
describe tivi methods used f!or the calculatiav of coa*bustiou effici#_-kcy,
emission iudicen, and checking the %pterial balunces,~

a. ME I~gA o C. h AA .

The 4ai*siJon index, El, of a comb~ustion product is defined tis
the grows of thta wasuired cm4411Uwit relativtt tO Qae k9 Of f~l This
Winitioa elliniiates the okfifcts of dl~utiou of Idle produwts by air(+

The general oquatioilk used to delp ZI is

91 X.~~ -1` - L jj i; / fuel (1)



Vhere the suibscript, L, is either CO, CH4 or N02- In the calculations for
NOx, the mole fraction of NO + NO2 was used with the molecular weight (MW) iof NO2 used in the equation. The measured mole fractiosi of the constituent
LB denoted by Xi. The overall air-fuel ratio (by weight) was obtained from
the measured flow rates.* The molecular weight of the exhaust gases,
(MW)exhaust, was 29 since all the test data were obtained under very lean
mixture conditions.

In the emission index calculations for unburned hydrocarbons,the
molecular weight. of the hydrocarbon was taken as 16 since methane was used
to calibrate the hydrocarbon flame ionization detector instrument.

b. Combustion Efficiency~

Combustion efficiency is defined as: (21L)

*b aL'-[232 (El)C + (EI)C.. ] 10-31 100 (2)
where: % Cobsto efficiency

EI., a emission index in &/kg. fuel for exhaust constituent i.

The combustion efficiencies and emission indices for CO, UHCand NO1 (as-NO2 ) for each catalyst tested are summarized in Appendix III.

c. Material Waance Calculations

The volume percent carbon in the combustion gas samples as afunction of equivalence ratio , 09 were calcul~ated assuming that theunburned hydrocarbons were expressed as methane. Derivations of 1.hese
eqCLuatOns e be found in. a AFAPL-TR-72-aO (15).

Z Carboi -*+400 (4b+(3

iqxt4W6 - hydroga/ carb~on for JO-,.4 1.9

00"e "ý f Pe~rc,*nt oxytn was calcuigtse fro& the":0l.Lving

IM



The material balance equations used to compute the carbon balance and oxygen
balance are:

Z Carbon - (1.9 * + 28.04) x measured sole (5)
fraction of carbon
containing compounds

Z Oxygen '32.1 0 + (0.3210 + 4.76) x measured (6)................
mole
fraction
of oxygen
compounds
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SECTION V

DISCUSSION

In the preceding sections, it was shown that when the pre-combustor
was operated fuel-rich at an equivalence ratio (4) of 1.5, and an overall 6
of 0.3, then about 20-30 ppm NO, were produced. Essentially no thermal NOx
is expected to be generated according to the Zeldovich Mechanism (22) as
indicated from calculations of combustion at fuel-rich and fuel-lean
conditionsand illustrated in Figure 38. NO produced from the rich
combustion of nitrogen-free fuels is not predictable from the Zeldovich
Mechanism (22). Fennimore (23) postulated that a significant fraction of the
N0x produced under stoichiometric to rich conditions isa " result of the
oxida'tion o~f'car'bon'ni-tr-ogen 'comp'ound's pro'duced*u'nder air deficient combustion,
and he called this source "Prompt NOx". The significant contribution of "Prompt
NOx" to total NOx in gas turbines under stoichiometric and fuel-rich operating
conditions has been calculated by Shaw (20). Equilibrium calculations showed
that under fuel rich conditions (6 - 1.5) the formation of 3H3 and HCN should
be very small (5). However, because of the observed increase in NOx concen-
tration across the catalytic stage of the HCC, it was presumed that the
production of kinetically controlled nitrogeneous molecules, such as HCN and
NH3 , were being catalytically converted to oxides cf nitrogen.

The level of exhaust emissions at the hybrid combustor exit was,
in most cases, below the EPA specifications for subsonic turbofan or turbojet
aircraft engines manufactured on or after January 1, 1981 (1). Table XI
compares the EPA limitations on emissions (1) with the average effluents from
the HCC durability tests of catalysts QF and KQ. The emissions from the HCC
were corrected to the EPAP units (102 mg/N'h'cycle - lb /lb 'h'cycle) using
the approximate procedure suggested by Gott and Bastres8 (2). In order to
estiaste the HCC emissions over the LTO cycle, it was assumed that the
emission indices at full power (pressure ratio - 25 per Table I1) would be
the same as those at idle (pressure ratio - 3 per Table II). This assumption
may be rationalized by considering that the difference in emissions between
idle and full power operation is due to dilution of the HCC (6 - 0.3) effluent.
These oversimplified calculations are only intended to provide an initial esti-
mate of the EPAP values. Clearly, data at both idle and full power operation
would be needed to refine the estimates presented in Table XI. Only UHC
emissions specifications were difficult to meet using the HCC concept. Never-
theless, Catalyst QF could meet the 1979 new aircraft affluent standard.

An alternate calculation using the data presented by Roberts, et al., 9
2•5 for & conventional JT 8D-17 engine normalized to idle operation was

carried out. The UCC emissions data was scaled in proportion to the JT 8D-17
data. The reqults of this calculation are sumarized in Table XI. It was
found in this calculation that only NOx emissions did not meet the 1981
standards. The two estimated EPAP parameters for each of the pollutants tend
to bracket a realistic value. The Gott and Bastress values emphasize the
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idle eaissions, thus indicating higher val -es for CO and UHC emissions
than would be expected over the LTO cycle. The Roberts, et al. data, on
the otbar hand, emphasized power operation thereby overestimating the NOX
emissions. Thus, assuming that realistic EPAP values lie between the
limits presented, one could see that the HCC method of operating an
aircraft combustor shows promise of meeting the 1981 new aircraft pollution
l1mitations.

TABLE XI

COMPARISON OF HCc EFFLUENTS WITH EPA
1981 NEW AIRCRAFT LIMITATIONS

"" EPA Limit YCC Catalyst QF HCC Catalyst KQ
mg/N"h"cycle //N.h. ccle

CCotta RobertsD Cotta Robertsb
UC 41c 5-0 15 263 79

CO 439 111 35 430 137

NOX 306 212 407 273 526

a Using the modified EPA parameter suggested by Gott and Bastress (24) and

emissions data averaged over the durabilllty runs at 1200 K.

b Using an EPA parameter scaled from JT 8D-17 data (25) and emissions data
averaged over the durability runs at 1200 K.

C The UHC limit for 1979 new aircraft is 82 mg/N'hcycle (Q and the 1979
lmIts for the other pollutants are the sa as the 1981 limits.

From the emissions data obtained in the 20 h durability tests of the
two noble metal catalysts at 1200 K, it may be inferred that the sensitivity
of catalyst QF to the reactions responsible for the conversion of NH. and
HCM to HOx was affected by catalyst .onditioning at 1200 K. It

should also be noted that pollutants were minimized at an overall equivalence
ratio of 0.3, or correspondingly at a catalyst inlet teperature of 1200 K.
This equivalence ratio generally corresponds to full power operation (take-
off),but it ws assumed that combustor by-pass air would dilute the catalyst
effluent in an actual engine desln to the appropriate equivalence ratio of
0.14 for idle conditions.

The convax tion of nitrogeneous molecules other than NO. compounds
in the Thermo Electron Corp. chemilmuinescent analyzer used during the prograa,
has been shown by Sawyer (2) to be very inefficient, especially if a
stainless steel converter is utilized, as was the case in this study. The
catalysts tested in the program wore more efficient than the stainless steel
"convertor in the instrumnt. Sawyer's results indicated that 901 of the NH3
was converted to N0H over a platinum catalyst at- 1270 K when the mole concean-
tration of 02 was in a•cess of I. Under similar conditions, 42% of the IiCN
wa converted to WOi.
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The nitrogen content of JP-4 is in the range of 5-20 ppm (22)
and the sulfur concentration of the test fuel was analyzed to be 535 ppm.
No attempt was made to moasure 802 and SO3 emissions, because at high
combustion temperatures equilibrium does not favor the production of SO3 .

The catalytic conversion of nitrogeneous molecules to oxides of
nitrogen observed in this study indicates that the utilization of high
nitrogen content fuels such as coal or shale derived distillates, in
combustors equipped with a catalytic stage, may encounter problems wita
high NO emissaioiu. Also, preliminary work in various laboratories have
indicated.that s1L4ed combustion may be effective in controllin .NOx lfrom

fuel bound-nitrogen (•.). --Along this-.-ine, -Mart-in -(2_9)- showed-- that higher .
temperature or longer residence time, or both, tend to reduce the concen-
tration of NO, precursors at j = 1.4. Thus, high pressure ratio gas turbine
engines, operated in the HCC mode, could maintain low NO, emissions at full
power as well as idle. This data provides some Justification for the
assumptions used in calculating the EPAP vaiues in Table XI. Thus, hybrid
catalytic combustion as a special form of staged combustion, may have an
inherent advantage for controlling both thermal and fuel derived NOx.

An attempt to measure the NH3 and HCN concentrations at the inlet
and outlet of the catalyst stage of the hybrid combustor was unsuccessful.
The utilization of standard specific electrode analytical techniques did not
indicate the presence of any NH3 or HCN. It was thought that because both
these compounds can be readily adsorbed on the walls of the gas sample lines,

they nevor reached the aqueous solutions through which they were to be
bubbled. If reliable HCN and H3 concentration measurements in the range of
1-20 ppm are to be made, improved techniques for sampling and analysis must
be developed (D.

Mort of the data on emissions was presented on a relative basis to
avoid the problem associated with fluctuations in emissions data. It is
helpful to understand the range of these fluctuations. Table XII presents
a comparison of the pre-combustor data presented in Table III with the average
data obtained from the durability runs with Catalysts QF and KQ. It
should be noted that over the two-20 hour periods, the average pre-
combustor effluents (input to the catalysts) were almost identical. In
comparing the" average inputs to the catalyst with the inputs measured
when the pre-combustor was daveloped, one can sea that the average measured
emissions concentrations for UHC and NOx actually fell between condition 1
and condition 2. Tho CO emissions, on the other hand, were considerably
lower during the catialyst testing period than would have been predicted from
the original (.tiisi.ons map.
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TABLE XII

EMSSIONS FROM HYBRID COMBUSTOR

Pre-Combustor

Condition 1 2 1 1

Catalyst None None KQ QF

Catalyst Inlet Temp., K 1067 1076 1200 1200

. .mssion Indices, g/kg In 'Out -In - Out In -... Out In- ... Out

CO 36.35 - 17.56 - 7.19 3.68 6.75 0.949

UHC 14.13 - 1.99 - 7.32 2.25 7.34 0.427

WO•, 1.39 - 2.38 - 1.69 2.34 1.69 1.813

One of the most significant problems encountered during the
course of the program was the destruction of some catalysts when an
ignition delay of the pre-combustor occurred as a result of electrical
ignitor failures. The unburned fuel which was adsorbed on the catalyst
surface during the brief ignition lag time, eventually was combusted under
near stoichiometric conditiona. The fact that catalyst destruction
occurred when cordierite or metal catalyst supports were utilized indicated
that the problem cannot be satisfactorily handled by merely altering the
thermal conductivity of the support material. This problem was never
experienced with silicon carbide supported catalysts. Although the number
of catalysts destroyed via the ignition delay of the pro-catalyst was
small, the dissaterous results that occurred require that a solution to
this problem be found if reliable hybrid catalytic combustors are to be
developed. Conventional gas turbine comustors occasionally experience
iguition delay problem at start-up, either due to cold climactic c~nditions
or fouled ignitorm, but because the turbine engine components are good
hoat-eiks and made of non-porous wAterials, no deleterious effects result.

One of the potential solutions to this problem in hybrid catalytic
combu.tors consists of fabricating the inlet face of the catalyst bed from a
support material that i'5 capable of withstanding the high flame temperatures
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that result from the ignition delay of the pre-combustor. Silicon carbide
or silicon nitride catalyst supports are available in high surface/volume
geometries that have good wash coat adhesion properties. Since these support
materials are expensive compared to cordierite or metal, only a short
segment at the entrance to the catalyst bed would be made of refractory
material. The remainder of the catalyst bed support could be fabricated
from the less expensive materials. Another possible solution would entail
automatically purging the catalyst after each failure to ignite the fuel
in the pre-combustor.

The decrease in catalytic activity for CO and UHC conversions
via wash coat sintering, noble metal crystallization and deleterious reactions
between noble metals and some base metal oxides have been observed during
the course of this program. The need for more thermally stable wash coat
materials and noble metal formulations that do not crystallize is apparent.
Also, the variations of support geometry available for high CO and UHC
conversions, low pressure-drop, and high velocity applicatio:is was
limited to three configurations: 0.16 cm squares, 0.16 cm x 0.32 cm
rectangles, and the Johnson-Matthey, Ltd. thin-wall corrugated metal
support.

Group VIII metals consisting of Pt-Pd combinations or Pd on
stabilized A1203 wash coats were more effective CO and UHC oxidation
catalysts than either mW-tures of rare-earth oxides or base metal oxides.
An iridium-palladium catýslyst was not as effective in converting CO and
UHC as Pd or Pt by themselves. Cobalt oxide did not improve the activity
of ZrO2 wa3h coated cordierite Impregnated with palladium. The noble
metal (Pt or Pd) promoted-base metal oxide catalysts had good initial
activities for CO and UHC conversions, but because of high temperature
reactions between CuO and Pd, catalyst deactivation occurred after only
70 minutea of operation at 1200 K. Addition of NiO to a SiS 2 wash coat
impregnated with 1.31 kg/m 3 of a 23/1 wt ratio of Pt/Rh did not produce
acceptable CO or UHC conversions compared to noble metals on A12 03 .

The most satisfactory catalyst evaluated consisted of a
corrugated and rolled metal monolith that was wash coated with very stableIi A12 03 and impregnated with Pt. Of the two catalysts tested for a 20-hour
period at 1200 K, the metal supported catalyst showed no signs of deacti-
vation for CO or UHC conversions, but may have become conditioned to
prevent the conversion of nitrogen containing compounds such as NH3 or HCN
to NOx. This result requires careful verification since it indicated that
the catalyst could be made selective, to either react the nitrogen com-
pounds produced in the primary zone to molecular nitrogen, or allow them to
pass unreacted. Much more work is required in this area in ort'er to
hypothesiie a mechanism that can account for the observed catalyst behavior.

Although the results rresent-d here support the technical feasi-
bility of catalytic combustion for aircraft turbine engines, there remain
many practical problems which must be considered. The most significant
problems involve the physical durability of the catalyst and th, transient
reaponse in flight. Clearly, a catalyst that could fracture or spahl in
flight, could damage the turbine and endan~ger the flight crew. Other
considerations associated with engine response and operability in flight
must be care.&ully analyzed.
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SECTION VI

DESIGN OF 7.6 CH DIAMETER COMBUSTORS

The design criteria and fabrication details of two 7.6 cm hybrid
catalytic combustors to be delivered to Wright Patterson AFB are described
in this section. Also, the required documentation for the system safety
analysis is provided here,

1. DESIGN AND FABRICATION OF COMBUSTORS
FOR LARGE SCALE TESTING

One of the program's tasks was to design and fabricate two,
7.6 cm diameter hybrid catalytic combustors to be tested in the
combustion facility of the Aero Propulsion Laboratory at Wright
Patterson Air Force Base. The only difference between the two combustors
is that different catalysts are utilized in each one. Based upon the

results of the catalyst screening tests and the 20 hour durability tests,
catalysts KQ and QF which are described in Table VII were selected. Since
the pressure drop associated with the support geometry utilized in catalyst
KQ was excessive, the support geometry will be changed to the General
Refractories Company's 0.16 cm square hole configuration which was shown
to have acceptable pressure drop properties. The support formerly used
in catalyst KQ was the W. R. Grace Company's PoramicA cordlarite that
had a 0.127 cm i~rwaular rectangle geometry. Because of the nature of
the design of the Paramic support, excessive pressure drops were observed at
reference velocities in excess of 20 m/s. The General Refractories Company's
cordierite support will be wash coated with stabilized alumina and impreg-
nated with 3.3 kg/.3 of palladium by W. R. Grace Company.

The second combustor will be equipped with the corrugated metal
supported catalyst designated in Table VII as QF. The only cbange that
will be made to this catalysi consists of the addition of an equal weight
of palladium to platinum, so that the total noble metal loading will be
5.3 kg/a 3 . The catalyst is supplied by the Johnson-Matthey Company, Ltd.
of Reading, England.

Both types of catalysts will be supplied in 3.8 cm long segments
which will be mounted into Hastalloy-X cylinders with a 3.5 ca space between
adjacent segments. The number of segments inserted into each Hastelloy-X
cylinder will vary depending upon the support geometry of the catalyst,
but the total support thickness of each assembly will not exceed 20 cm.
The Hastelloy-X cylinder containing the catalysts will be installed into

the catalyst chamber shown in Figure 39. A photograph of the components
of the 7.6 cm HCC is shown in Figure 40. The design of the entire assembly
is such that the hybrid catalytic combustor can be tested within the Aero
Propulsion Laboratory's tubular test facility.
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The pre-combustor was designed for a total air flow rate of 300
g/s. Other important design criteria were: 0.3 MPa comabustor pressure,
400 K al.r preheat, and reference velocity of 25 m/s at the catalyst chamber
entrance. The geometry of the 5.08 cm diameter pre-combustor utilized
during the catalyst screening phase of the program has been preserved
in the 7.6 cm diamete3r combustor design. Since the air flow rates in the
5.08 cm combustor werel40 g/s, the areas of the orifices and annuli in the
5.08 cm combustor were doubled in the 7.6 cm combustor design. Thus, similar
air velocities will be maintained at the critical points in the large com-
bustor. The flow characteristics of the 7.6 cm combustor, except for
h.gher air flow rates, are similar to the 5.08 cm combustors, and are
smwmarized in Section III.

The materials ot construction were Type 316 stainless steel and
lastelloy-X which was utilized exclusively in the pre-combustor can and

the catalyst cylinder.

The pre-combustor was designed to be capable of operating over
an equivalence ratio in the range of 0.1-0.3. Overall combustion effi-
ciencies are expected to be in excess of 99.52 over much of the equivalfnce
ratio range, while emissions are expected to be within the range to meet the
1981 EPA specifications for new aircraft engines.

2. PRELIMINARY HAZARDS LIST

The awareness of possible dangerous situations that may arise
during the operation of the hybrid catalytic combustor is important to
the personnel who will be conducting the combustion tests at AFAPL. In
accordance with the contractual requirements and MIL-STD-882, the following
list of possible ha'zardous situations was prepared after reviewing the 20
areas of concerL ir, paragreph 5.8.2 of MIL-STD-882.

1. System environmental constraints
2. Pressure vessels and plumbing
3. Safe operation and maintenance of the system
4. Fire ignition and propagation sources
5. Resistance to shock damage

The fifteen remaining topics contained in the MIL-STD-882 do not
pertain to the type of hardware represented by the 7.6 cm diameter combustor
delivered to AFAPL. A brief qualitative discussion of the five topics of
direct concern to the safe operation and maintenance of the combustor is

I given below.

a. System Environmental Constraints

The combustor consists of two major cionponents: the pre-combustor
and tho cata1ytic combustor. the materials of construction are type 304 and
316 welded stainless steel. Schadule 40 pipe is used for the outer pressure
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bearing walls of the pre--combustor and the catalytic combustor. Mating
flanges were 1.1 bVa (150#) pattern. The service temperature for the forged,
type 304 stainless steel flanges is 810 K at 379 kPa, and the continuous
working prebsure of the 7.6 cm pipe at 810 K is greater than 5.0 MPa. In
order to preserv, the pressure rating of the system at high temperatures
(air preheat), the goskets should be of the Flexitallic-type where asbestos

and stainlass studl are the materials of construction.

b,. Pressure Vessels and Plumbina

Although there are no prensure vessels supplied with the system,
a point of conceru is the possible leakage of fuel from the fuel supply
tube which is locatad at the combustor inlet. The short, 1.57 rad (90")
bond, type 304 stainless tube has a hot working pressure far in excess of
the 2.0 MPa recomended fuel injection pressure. However, if the swagelok
tube nuts become damaged from mishandling, a fuel leak could occur which
would result in high unburned hydrocarbon concentrations in the combustor
due to poor mixing. The fuel line connections should be carefully checked
after each run to assure that no fuel leak, have occurred.

c. Safe Overation and Mainteonane of the System

The only components within the combustor that may require
occasional replacement are the pressure atomizing fuel spray nozzle and
the ignition electrode. Either of these components may bacome fouled with
carbonaceous deposits after long test periods, and *houl.. 7A inspected fre-

& quently to prevent premature failure. If the aluminum oxide insulator of
the ignitor becomes fouled with carbon, it should be removed from the
combustor and soaked in chromic acid for a period of about 6-8 hours.

The pressure atomizing fuel spray nozzle contains a particulate
filter which should be inspected after every 10 hours of operation. The
screen or sintered metal filter element is easily cleane by soaking it in a
hydrocarbon solvent. If the filter element becomes badly plugged, it is
wise to replace the element to prevent a high fuel lie pressure drop.

d. lire Ignition and Propagation Sources

During normal combustor operations there are no problems antici-
pated with "flashback' within the coabustor. However, as previously stated,
if a fuel leak should develop in the fuel supply line, a high concentration
of unburned hydrocarbons in the ,-:ombustion products stream could result.

e. Resistance to Shock Damaie

Since the catalyst support material is made of cordierite, which
is a rather fragile ceramic material compared to the other materials of
construction used in the combustor, it must be handled with great care.
The cordierite supported catalyst Is mounted inside a Hastelloy-X tube
which will prevent any physical damage to the catalyst during normal handling.
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In sumary, there are no other hazardous conditions which are
expected to occur during the operation of the combustor, but in order to
prevent the overheating of the combustor components and catalyst,
sufficient teperature data should be made available from various polutu
within the combustor to assure that component failure will not occur.



SECT!.JN VII

,'ONCLUSIONS AND RECOMMENDATIONS

The feasibility of the Hybrid Catalytic Combustor operating in
the aircraft gas turbine engine "idle-mode" has been demonstrated. The
results shos' that the utilization of this concept makes it possible tc
obtain heat release rates on the order of 1 kJ/Pa-s.wr, and CO and NOx
emissions below the EPA stane rds for subsonic turbofan and ttrbojet
aircraft engines manufactured on or after January 1, 1981 (1). UHC
emissions from the HCG exceeded the standard slightly using the method of
calculation developed by Gott and Bastress (24), while NO emissions
exceeded the standardrA using an alternai:e method of calculations based on
data presented by Robe'rts, et Al., (25). The problems usually associated
with catalytic combustorz such ab Tn!L-starts and prcvaporization and pre-
miY/xi of the fuel. were overcome by the utilization of ihe hybrid concept
since, during the pre-combustion mode, the ievice was operated essentially
as a conventional gas turbine cannular combustor.

The combustion efficiencies measured during hybrid operation
were always greater than 98Z over the entire range of fuel-air mixtures
s.. adies, and more specifically, greater thas 99.5Z in the range of mixtures
that simalated engine idle or high power conditions.

The experimental wrx- e :s indicated that the te',hnique of staged
combustion can be used #• a Uqs turbine combustor to prevent the formation
of thermally generated NO?.. The catalytic section of the combustor
apparently converted the small amounts of HCN and NHl 3 produced during rich
combustion in the pre-combustor to acceptable concentrations o&' NOx. Pre-
conditioning of an active catalyst may have influenced the reactions Vaich

I are believed responsible for the conversion of nitrogeneous specie% to NOx.

The durability of the catalyst wa- observed to be sensitive to

the degree of pre-combustion oV JP-4. as evidenced by the thermal deformati•n
of the catalyst support when unburned fuel resulting from an ignition delay
of the pre-burner was adsorbed on the catalyst surface and subsequently
oxidized undrr near-stoichiomatric conditions. This problem Qay be elimi-
nated by the use of a fully reliable pre-combustor electrical ignitor,
or by the insertion of a silicon carbide or silicon nitride catalyst wupport
at the entrance to the catalyst bed as a scavenger and 7 o for the
actual catalyst. A review of the test data indicated th.t more thermally
stable catalyst wash coat materials and catalytic metal preparatior- will
be required if the loss of catalytic activity for CO and UHC conversions
is to be lessened for operating temperatures in excess of 1200 K.

The combustion of high nitrogen content fuels, i.e., ciatillates
from coal or shale (27), should be evaluated in the bybrid catalytic coa-
bustor since the available data indicate that lot, NO eamissiona may be
"possible by suitable catalyst pre-coudJtioning and staged combustion.

In the future, any monolithic -. tclyst support development efforts
should also include materials such as silicon carbide, silicon nitride,
metal foils or other refractory-type materials that have beav shown to be
capable of high temperature operation with good wash coat adhesion.
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As a result of this research, it appears thait an efficient, low
emissions hybrid catalytic combustor can be developed to operate over the
entire range of gas turbine power settings from idle, to full power. It
should be notod that the HCC approach is not limited to idle operation,
but can indeed operate effectively ad. full power as demonstrated by
operating the combustor at j a 0.3. No attempt was made to determine how
an engine using a HCC system would operate over the LTO cycle. The
feasibility of using 11CC for idle operatioz4 followed by an all catalytic
high power mode is currently being considered by the Air Force (30). It
must be emphasized thc-t actual engine tests mubt be conducted to fully
"assess the feasibility of the HCC concept.
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APPENDIX I

DESCRIPTION OF SUPPORT GEOMETRY AND MATERIALS

This appendix is a summary of required de..ign information con-
cerning the physical characteristics of monolithic catalyst supports.
Each support geometry is identified with a capital letter and corresponds
to the support configuration found in Table VII of the text. All of the
information was obtained from the manufacturer of the support material.

Table XIII

Manufacturer: General Refractories Co., Philadelphia, Pennsylvania

Support Material: Cordierite, Versagrid, (2 MgO * 2 Al203 * 5 SiO2)

(Identification in Table VII) C B E G F

Support Geometry Round Round Square Triangular Rectangle

Cell size (ma) 1.6 3.2 1.6 1.6 1.6 x 3.2
Wall thickness (m) 0.28 0.30 0.28 0.28 0.28
Frontal Open Area (Z) 67 78 73 65 79
Holes/cm2  2 3 33.5 9.8 34.9 42.3 16.4
Surface/Volume (1a /m) 1701 985 1937 2473 1537
Maximum use temp. ( X) 1750 1750 1750 1750 1750

Copressive Strength (kg/cm2)

* Parallel to cell direction 281 116 232 197 186
* Perpendicular to cell 17.6 14.1 52.7 17.6 26.4

direction
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Table XIV

Manufacturer: W. R. Grace & Co., Research Division, Columbia, Maryland

Support Material: PoramicO 49, 50% Cordlerite with 20% Mullite,
5% a-Al 2 03 and 25% non-crystalline.

(Identification in Table VII) A L

Poramic Poramic Poramic (Rectangle)
Support Geometry 290 (square) 400 (square) Double - Diafanol

Cell size (ia) 1.52 1.27 4.76
Wall thickness (um) 0.30 0.25 0.35
Frontal Open Area (Z) 69 64 75
Holes/c. 2  45 62 18
Surface/Volume. (m2 /m3 ) 2109 2370 --

Maximum use temp. ( K) 1750 1750 1750

Compressive Strcngth (kg/cm2 )

"* Parallel to cell 196 84
direction

"* Perpendicular to cell 28 13
direction

Table XV

Manufacturer: Norton Industrial Ceramics Division, Worcester, Massachusetts

"Support Material: 91+% Silicon Carbide (Spectramic••)

(Identification in Table VII) D

Support Gecwt, Round

Cell size (Mrn) 3.2
Wall thickness (M) <0.3
Frontal Open Area (M) 70
Ha ,/CN2 11

Surface/Voline (a2/l3) 1100
Maximum use temp. ( K) 19 ?0

Comprasaiw~ Strength (kg/cw 23

a Parallel to cell direction 49
i Parpendicular to cell direction
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Table XVI

Manufacturer: Nippon Sealol Co., Ltd. (Pure Carbon Co.
St. Mary's, Pennsylvania)

Support Material: Silicon Carbide (Polycrystalline Self-Bonded)

(Identification in Table VII) K

Support Geometry Rolled Corrugated Sheet

Cell size (mm) 3.0
Wall thickness (a) 0.35
Frontal Open Area (%) 54
Holes/cm2  9
Surface/Volume (m2 /m 3  1429
Maximum use temp. ( K) 1900

Compressive Strength (kg/cm 2

"* Parallel to cell direct4.on
"* Pelpendicular to cell

direction

Table XVII

Manufacturer: DuPont, Wilmington, Delaware

Support Material: TORVEX (A1 2 03 )

(Identification in Table VII) j

Support Geometry Cross - Flow

Cell aize (M) 4.75
Wall thickness (am) 0.76
Frontal Open Area (2) 65
Holes/cM2  2 3
Surface/Volume (a /a 836
Maximu use temp. ( K) 1770

Compressive Strength (kg/c 2 )

e Parallel to cell direction --

* Perpendicular to cell direction --
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Table XVIII

Manufacturer: Johnson-Matthey Co., Ltd. (England)

Support Material: Metal Foil

(Identification in Table VII) N

Support Geometry Rolled Corrugated Sheet

Cell size (mm) ,V1.5
Wall thickness (no) .05
Frontal Open Area (%) 93
Holes/cm2  2 3 62
Surface/Volume (M2 /m) 4100
Maximum use temp. ( K) 1650

Compressive Strength (kg/cm )

* Parallel to cell direction very good
* Perpendicular to cell direction good

Table XIX

Manufacturer: Matthey-Bishop, Inc. (Malveriý, Pennsylvania)

Support Material: Ni Alloy Screens

j (Identification in Table VII) 0

Support Geometry Spaced Flat Parallel Screens

Cell size (-m) 3.18
Wire thickness (amm) 0.38
Frontal Open Area (%) 80
Holes/cm2  2 3--
Surface/volume (m /mI))
Maximum use temp. ( K) 1650

Compressive Strength ýkg/cm2)

* Parallel to flow direction
* Perpendicular to flow direction

97-
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APPENDIX II

CATALYST DESCRIPTION

This appendix contains a description of each candidate catalyst
tested during the program. A description of the catalyst support and

active catalyst 'materials is given. The identification code found at
the head of each description refers to the catalyst found in Table VII
of the text.
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CATALYST DESCRIPTION

IDOMrFICA CO, GH

SUPPORT CATALYTIC COMPONENTS
General

Manufacturer: Refractories Co. Manufacturer: Oxy-Catalyst, Inc.

Material: Cordierite Wash Coat Composition: Al2 03 + Sio2

2Geometry: 0.16 cm. triangle Wash Coat Weight (g/m2): 52.83

Surface/Volume (m /a ): 2473 Active Materials:

Percent Open Area: 65 (kj/3 (m2

Pt 0.85 .342

Pd .0.85 .342

COGUSTIoN SYSTEK ASSEMBLY

Length of catalytic segment (cm) : 5.08
Number of segments : 4
GAP between segments (cm) 3  : 0
Total catalyst volume (cm) : 411

NEW• Two of the 4 segments had unstabilized wash coats and the other
two sagment's wash coats t.tre stabilized with SiO26
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CATALYST DESCRIPTION

IDENTIFICATION CODE 311

SUPPORT CATALYTIC C~OMPINETS
General

Manufacturer: Refractories Co. Manufacturer: Oxy-Catalyst Inc.

Material: Cordierite. Wash Coat Composition., Al203 + SiO2

Geometry: .16x.32 ca. Wash Coat Weight (S/im): 44.96rec tang le

Surface/Volume (m2/u•): 1537 Active Materials:
3 2'

Percent Open Area: 79 (kg/mn (2/rn

Pt 0.85 0.549

Pd _. 0-5,4

COMBUSTION SYSTM4 ASSEMBLY

Length of catalytic segment (cm) :5.08
Number of se••ments :.4
GAP between segments (ca) : 0
Total catalyst volume (ca 3 ) : 411

RMARKS:

Two of the four segments had unstabilized wash coats and the
other two segment's wash coats were stabilized with SiO2.

1()Si
S..LU,, -

L' ________,_______,___________



CATALYST DESMCIPTIOI

IDENTIFICATION CODE ( 711

SUPPOIT CATALYTIC CONPOKDITS
General

Manufacturer: Refractories Co. Manufacturer: Ozy-Catalyst Inc.

Material: Cordierite Wash Coat Composition: Al 2 0 3 + sio 2

Gr-metry: 0.16 ca. square W..h Coat Weight (g/m 2): 46.28

Surface/Volume (a 2/a) : 1937 Active Materials:

Percent Open Area: 73 kaL. 3L2)

Pt a 25Q-3

Pd

COMBUSTICOI SYSTEM I SD(LY

Length of catalytic segment (ca) : 5.08
Number of segments 4
GAP between segments (ca) : 0
Total catalyst volime (ca 3 ) : 411

Tvo of the four sa& nts had unstabilized wash jats and the

other two segment's wash coats were stabilized with Si) 2 .
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CATALYST DESCI•TPTIOK

IDHTIFICATION CODE ( iu

SUPPORT CATALYTIC COMPONENTS

Manufacturer: Morton Manufacturer: Oxy-Catalyst Inc.

Material: SiC Wash Coat Composition: A12 03 + Si0 2

Gentry: 0.31 cm. circle Wash Coat Weight (gi/a): 110.04

Surface/Volums (u2in ) :1100 Active Materials:

Percent Open Area: 70 SkaLm.3L

Pt _Q-.707_,

Pd ..L 07 .

COMBUSTION SYSTRM ASSD4BLY

Length of catalytic *Semat (cm) : 5.08
Number of s&Sats : 4
GAP between segments (cm) 0
Total catalyst volume (cm) 411

3.LaML ERoles in monolith were sligjhtly elliptical. Heavy waah coat applied
for good adhuislon.
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CATALYST DESCRXPTIOtH

IDE•MFICATION CO(DE

SUPPORT CATALYTIC COINPOEINTS

Manufacturer: W. R. Grace Manufacturer: W. R. Grace

Material: Cordierite Wash Coat Composition: 53 wtZ NiO + SiO2

Geometry: 0.127 ca. square Wash Coat Wesight (g/m2): 52.26

Surface/Volume (a2/03): 2109 Active Materials:

2
Percent Open Area: 69 (ks/m) (/m

Pd .3.25__

Rh n-027

CMUSTICO SYSTE( ASSEMBLY

Length of catalytic segment ((a) : 5.0F
Number of segments : 4
GAP between segents (ca) : 0
Total catalyst volume (ca) : 411

W.. EL Grace Dtzx - 607
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CATALYST DESCRIPTION

IDErTIIFICATION CODE ( HH )

SUPPORT CATALYTIC COMPONENTS
General

i.-aufacturar: Refractories Co. Manufacturer: Oxy-Catalyst, Inc.

Material: Cordierite Wash Coat Composition: Al0 + Si0
2

Geometry: 0.31 ca. circle Wash Coat Weight (g/m2): 100.4

Surface/Voluma (2/a3): 996 Active Materials:

Percent Open Area: 78 (ki/M3 /2

Pt n•cn.A

Pd .. Q.IL

ComBS13aySYSTM ASSEM4BLY

Langth of catalytic seLvent (cm) : 5.08
N uaber of eSwents : 4
GAP between s*ewints (cu) : 0
Total catalyst VoluWI (cm3 ) : 411

.?•;RDC : Two of the 4 sapauets had umstabilized wash coats and the other
.two segment's wash coati were - tabilized with SiO

S-105 -
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CATALYST DESCRIPTION

IDEMTIICATIGN CODE ( ri

SUPPORT CATALYTIC COKPOP WITS

Manufacturer: W. R. Grace Manufacturer: W. R. Grace

Material: Cordierite Wash Coat Composition: ZrO2
2

232
Geomtry: .127 cm. square Wash Coat Weight (9/m2): 75.1

Surface/Volume (a 2 /)a: 2109 Active Materials:

Percent Open Area: 69 3

7d

Coo 57.27

CG(BUSTIOIN SYSTX Ag~sfLY

Length of cataItyric sap t (cm) : 5.08
Number of e•pmts :
GAP between •eiu•tig i-) : 0
Total cata1yat volme (Cal,) 1.

w. Grace Davx - 516
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CATALYST DE3CKIPT1OII

IDNcICATII COE),

SUPPORT CATALYTIC CONPOIIIKATS

Saifacturer: W. R. Crace Manufacturer: W. R. Grace

KMtertal: Cordieriti Wash Coat Ccuposition: 6 wtZ CeO + Al 2 03

Geomtry: 0.127 ca. square Wash Coat Weight (g/m2 ): 39.2

Surface/Volum (a 2/3 ): 2109 Active Materials:

3 2
Percent Opea Area: 69 Kka /v I)&M.)

Pt Jh&2AL.0.4

Pd 0,81 0,3_8

C_%MUSTI? SYSTE IASSEMBLY

Length of catalytic aepont (cm) : 5.08
Number of mop• ts : 4
GA bectwen , *Ants (ca) : 0
Total c.ta1rst volme (cm ) : 411

REMARS:

W. R, Girace Davex - 514
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CATALYST DESCRIPTION

IDENTIFICATIONI CODE ( iX

SUPPORT CATALYTIC COKPOKETS

Manufacturer: W. R. Grace Manufacturer: W. R. Grace

Material: Cordierite Wash Coat Composition: 25 wt% CeO + A!203

2
Geometry: .127 ca. square Wash Coat Weight (g/m2): 60.03

Surface/Volume (2/um3): 2109 Active Materials:

P'4rcent open Area: 69 (M/ 4  /2)

PC 27

Pd 2.75 1.30

COUSTION SYSTMs ASSEMBLY

Length of catalytic segment (cm) : 5.08
Xtwber of "Smunts : 4
CAP' betwaan segments (cm) 3  0
Total iatalyst volume (cm) : 411

VW. L Grace Dava- 512B
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CATALYST DESCRIr .2N

IDENTIFICATION CODE ( KO

SUPPORT CATALYTIC CCAKPONENTS

Manufacturer: W. R. Grace Kaiufacturer:W. R. Grace

Ma.,erial: Cordierite Wash Coat Composition: 25 wtZ CeO + Al203

Wometry: .127 ca. square Wash Coat Weight (g/2 ): 44.1

Surfasca/Voluse (a 2/3 ): 2109 Active Materials:

3 2Percent Open Area: 69 (.k/m ) (g/mma

Pd 'A -772; 9

CGMUSTION SYSTEM ASSEMBLY

Length of catalytic segment (ca) :5.08
Number of segments :4
GAP between segments (cu) :0
Total catalyst volume (caS) : 411

V. I. Grace Davex - 517
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CATALYST DESCRIPTION

IDENTIFICATIONI CODE ( KR )

SUPPORT CATALYTIC COMPGONETS

Mamufacturer: W. R. Grace Manufacturer: W. R. Grace

Material: Cordierite Wash Coat Composition: 25 vt% REO(a) + Al 203

Geometry: .127 cm. square Wash Coat Weight (g/m 2): 44.15

Surface/Voluma (a 2/3 ): 2109 Active Materials:

3 2
Percent Open Area: 69 (kitm SF2 m!.

RE (a)7

COCUSTIOt4 SYSTEM ASEMBLY

Length of catalytic segment (cu) : 5.08
Number of sogments : 4
GAP between segments (ca) : 0
Total atalyst volume (cm3 ) : 411

W. R. Gracre Davex - 521

(a)Comercial mixture of rare earth oxides
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S! ..... ~

SUPPORT CATALYTCYIC CDEPONOTS

Manufacturer: Pure Carbon Co. Manufacturer: General Refractories Co.

Material: Sic Wash Coat Composition: None

Geometry: .31 cm. corrugation Wash Coat Weight (g/m2): None

Surface/Volume (me/m3): 1428 Active Materials:
3 2

Percent Open Area: 68 (kg/r (g/m i

Ro' Mixture 97.3 68.25

COMBUST'ON SYSTEM ASSEMBLY

Length of catalytic segment (cm) : 10.16
Number of segments : 2
GAP between segments (cm) : 0
Total catalyst volume (cm3 ) : 411

* RARKS:
(a)_Rare Earth Oxide mixture fused to SiC monolith with no wash coat

or any other high surface okrea material.
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CATALYST DESCRIPTION

IDENTIFICATION CODE ( KU

SUPPORT CATALYTIC .C1HPONENTS

Manufacturer:W. R. Grace Manufacturer: W. R. Grace

Material: Cordierite Wash Coat Composition: 12.34 wt% BMO(a) + Al 203
22

Geometry: 1.27 cm. square Wash Coat Weight (g/m ): 37.47

Surface/Volp e (2/r3e 2109 Active Materials:

SuraceVoume(23 2

AbtPd neen e-gntm 5

aaCu0 + Cr203 + Mn. 2 2R.22 1]1.39

-112

S~COMBUSTION SYSTEM ASSEMBLY

Length of catalytic segment (ca) :5.08
i" J•Number of segwints :4

SGAP between segments (cm) :0
Totalt catalyst volume (cm3) :411

W. R. Grace lavox - 523

BaiaB~ Metal Oxides of Cu, Cr and Mn. ,



CATALYST DESCRIPTION

IDENTIFICATION CODE MQ

SUPPORT CATALYTIC COMPONENTS

Manufacturer: W. R. Grace Manufacturer: W. R. Grace

Material: Cordierite Wash Coat Composition: 25 wt% CeO + AI 203

Geometry: 0.635 cm x 0.144 cm Wash Coat Weight (g/m 2 ): Not Known

rectangle 3
Surface/Volume (m /m ): Not Active Materials:

Known

Percent Open Area: 75 (k2/m3) (/m 2)

Pd 2.60 Not Known

COMBUSTION SYSTEM ASSEMBLY

Length of catalytic segment (cm) : 5.08
Number of segments : 2
GAP between segments (cm) : 0
Total catalyst volume (cm) : 205

REMARKS: Two segments of this catalyst were tested. The catalysts were
located at the entrance end of the catalyst chamber with a 10.16

cm. gap between the catalyrt and the end of the chamber.
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CATALYST DESCRIPTION

I IDENTIFICATION CODE ( FZ

SUPPORT CATALYTIC COMPONENTS
General1

Manufacturer: Refractories Co. Manufacturer: Oxy-Catalyst, Inc.

Material: Cordierite Wash Coat Composition: A120 3 + SiS2

2Geometry: 0.16 cm square Wash Coat Weight (g/m ): 49.2

S3 (a2/a3 1937 Active Materials:K' Surface/Volume( .)

Percent Open Area: 73 (kg/m2 (/M

Pt 0.275 0.142

SPd 0.275 0.142

COMBUSTION SYSTEM ASSEMBLY

Length of catalytic sepent (cm) : 5.08
Number of "Sgments : 4

GAP between segments (cm) : 0
Total catalyst volume (cm 3 ) : 411

REMARKS:
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CATALYST DESCRIPTION

IDENTIFICATION COD~E FV

SUPP(RT CATALYTIC CONPOCNETS
General

Manufacturer: Refractories Co. Manufacturer: Oxy-Catalyst, Inc.

Material: Co.rdierite 'ash Coat Composition: A1 2 03 + SiO2

Geometry: 0.16 cm square Waah Coat Wwght (3/mr) : 49.2

Surf ace/Volum (2/a3): 1937 Active Materials:

Percent Open Area: 73 (kjIm32

Pd 3.3 1.69_

Cr 2 03 + HnO2  68.1 35.2

COKBUSTIONI SYSTEM ASSEMBLY

Length of catalytic segment (cm) : 5.08
Number of segments : 4
GAP between segments (cm) 3 : 0
Total catalyst volume (cm") : 411

During the preparatLn of this catalyst, the Pd was applied under
• *,-* the Cr203 + HU0O2 coat~lnt.
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CATALYST DESCRIPTION

IDEnTI'ICATION CODE JG

SUPPORT CATALYTIC COMPONENTS
General

Manufacturer: Refractories Co. Manufacturer: W. R. Grace

material: Cordierite Wash Coat Composition: 25 wt% CeO Al 12 0 3

Geometry: .16 z .32 cm, rectangle Wash Coat Weight (g/m ): 49.59

2 3LSurface/Volume (u /a ) 1537 Active Materials:

Percent Open Area: 79 ctorie3 2RI 2

Pd 0.389 0.253

CuO + Cr203 9.586 6.24

COMBUSTION SYSTLU ASSEMBLY
Length of catalytic segant (cm) : 5.08

Number of~ segments .4'4 GAP betweeu segments (cm) 3 : 0
Total catalyst volume (cm) : 411

REHAM.

SW. R. Grace Davison Code 915 (Diesel Exhaust catalyst)

I
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CATALYST DESCRIPTION

IDENTIFICATION CODE ( FG

SUPPORT CATALYTIC C0WNENTS
General

Manufacturer: Refractories Co. Manufacturer: W. R. Grace

Material: Cordierite Wash Coat Composition: 25 wtZ CeO + AI203

Geometry: 0.16 cm. square Wash Coat Weight (g/m2 ): 40.5

Surface/Volume (.2/.3): 1937 Active Materials: 2

Percent Open Area: 73 (kg/m 3 2

Pd A "9 n ,

CuO + Cr203 00.34- L

CONRUSTION SYSTEM ASSDIBLY

Length of ca"lytic oegment (cm) : 5.08
Number of sements : 4
GAP between sgummnts (cm) : 0
Total catalyst volume (csm) : 411

' • RARUUKS:,

V. L Grace Davison Code 915 (Diesel Exhauat Catalyst)
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CkAT*LYST DECRIPTION~

ID MCTION ELA F!

SUTPWTT1 COWORM~S

1KaUuf &c tirec: Refractories Co. H&Uatrx Oxy-Catalyst, Inc.

HsteriaJ.v Cordierite Waah Coat Cc.uposition: A1203 + S102

GQomtryo. 0.16 cm square Wash~ Coat Wegh (&bm ): 49.2

Surface/Voluut (a 2 in'~ 3 1937 Active MateriL.&,Iwý

Perckat Open krea: _73_____Ik% (2)

Laulth of Quabatiz SU~mt: (cm) :5.08
Nwmber of~ wpiz 4
GAP botweea a*8mutu (ca) 3 :0
Total. ca~ttlyot volwAe (cm) 411



CATALYST DESCIIIPTION

IDENTIFICATION CODE ( QF

SUPPORT CATALYTIC COMPOXENTS

Manufacturer: Johnson Hatthey Manufacturer: Johnson latthey

H~terial:eertl (Ni alloy) Was, Coat Cmwposition: Stabilized A120 3

Gct•ury: Corrupated Roll Wash Coat Weight (•/m2): --

Pt 5.27 1.04

CCIIUS'JI FTSTDI ASSEKBLY

Length of catalytic segment (cm) : 7.55
Nu•ber of segments : 2
GAP between segmets (cm) , : 5
Total catalyst volume (cai") : 308

, KAWS: Two segmOIe of this catalyst were packed into the catalyst

c"ombustio chmbaer wi A 5 cm gap between the sgmoents.
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CATALYST DESCRIPTION

IDENTIFICATION CODE ( PC

SUPPORT CATALYTIC COMPONENTS

Manufacturer: Mat they-Bishop Manufacturer: Matthey-Bishop

Material: Metal (Ni Alloy) Wash Coat Composition: Al 20 3 + Stabilizer

Geometry: Screens Wash Coat Weight (g/m2 ): Not Known

Surface/Volume (a2/m3): Not Active Materials:
Known

Percent Open Area: Not Known 3

Pt Not Known

COMBUSTION SYSTEM ASSEMBLY

Length of catalytic segment (ca) : 10.16
Number of segments : 1
GAP between segments (cm) 3 : 10.16
Total catalyst volume (cma) : 205

REMAREMS: The Matthey-Bishop metal substrate catalyst (PC) was located at the
leading end of the catalyst chamber and a 5.08 cm. long segment of
General Refractories Co. square hole monolith coated with A1 2 0 3

and 5.5 g/l of (1/1) Pt/Pd (FL) was located at the exit end of the
chamber. A 10.16 ca. gap existed between segments.
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CATALYST DESCRIPTION

I")ENTIFICATION CODE ( FL

SUPPORT CATALYTIC COMPONENTS
General

Manufacturer: Refractories Co. Manufacturer: Oxy-Catalyst, Inc.

Material: Cordierite Wash Coat Composition: A1203 + SiO2

Geometry: 0.16 cm. square Wash Coat Weight (g/m 2): 47.6

Surface/Volume (m2 /m3 ): 1937 Active Materials:

Percent Open Area: 73 (k/m 3W)

Pt &.7 1.42 ,

Pd 2 1.42

CO"IUSTION SYSTE( ASSEMBLY

Length of catalytic s,*pent (cm) : 5.08
Number of Segments : 1
GAP between seguments (cm) 3 " 10.16
Total catalyst volume (cm ) : 105

REMARKS: One segmnt of this catalyst was used in combination with catalyst
PC, which ws located upstream.
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CATALYST DESCRIPTION

IDMMFIFCATIOtN COD J J

SUPPOR1T ICATAlytIC~ C(,X NZ'T
General

Manufacturer: Refractories Co. Hanufacturer: Oxy-Catalyst, Inc.

Haterial: Cordi::i:e Wash Coat Composition: A1203 + S10 2

Gometry: 0.16 co. square Wsh Coat Weight (g/m 2): 49.2

Surface/VoluvA (a2 /in): 1937 Active Materials

3 2Percen~t Open Area: 73P (ka/tn ) &/=')

Pd .3 1.71

S 2 0 3 + nO 2 28 14.5

C€MSTION SYSTEM ASSEMBLY

LAngth of catalytic segment (cm) : 5.08
Ntmber of segments : 4
GAP between segments (cm) 3  : 0
Total catalyst volim* (cm) : 411

RINARKS: This catalyst was destroyed by a misfire in tho primary combustor.
No data wwre obtained.
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CATALYST DESCRIPTION

IDENTIFICATION CODE ( FD)

SUPPORT LiATALYTIC COMPONENTS
General

Manufacturer: Refractories Co. Manufacturer: Oxy-Catalyst, Inc.

Material: Cordierite Wash Coat Composition: A1203 + SLO 2

Geometry: 0.16 cm. square Wash Coat Weight(g/m 2): 49.2

Surface/Volume (a2/m3): 1937 Active Materials:

Percent Open Area: 73 3 (/2

Ir 1.7 0.88

C USTION SYSTEM ASSEMBLY

Length of catalytic segment (cm) : 5.0F
Number of sagmets : 4
GAP between sosmient (ca) : 0
Total catalyst volume (ca) : 411

REMARKS* Two se•mnts of this catalyst were tested with two segments of

catalyst (FE). The different segmmts were alternated.
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CATALYST DESCRIPTION

IDENTIFICATION CODE ( FE

SUPPORT CATALYTIC COMPONENTS
General

Manufacturer: Refractories Co. Manufacturer: Oxy-Catalyst, Inc.

Material: Cordierite Wash Coat Composition: Al203 + SiO2

Geometry: 0.16 cm. square Wash Coat Weight (g/m2 ): 46.5

2 3
Surface/Volume (m /m ): 1937 Active Materials:

Percent Open Area: 73 (k/mr3 ) (&/m 2 )

Pt .85 .437

Ir .85 .437

COMBUSTION SYSTEM ASSEMBLY

Length of catalytic segment (cm) : 5.08
Number of segments ý 4
GAP between segments (cm) 3 : 0
Total catalyst volume (cma) : 411

REMARKS: Two segments of this catalyst were tested with two segments
of catalyst (FD). The different segments were alternated.
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APPENDIX III

SUMMARY OF EMISSION INDEXES
AND COBUSTION EFFICIENCIES

The experimental results are tabulated in chronological order.
The catalyst identification code letters appear in the heading for each
run number. Since the primary and secondary air streams were preheated
to 400 K, this fact was omitted from the tabulation. The column "LOC"
indicates the location in the combustor where the data were taken. The
"data point locations are given in Figure 1 in the text. Under the column
identified "TEMP", corresponding to a particular "LOC", zero (0) indicates
that temperature was not measured at that location during that run. The
data obtained at the catalyst bed inlet is identified under "LOC" by the
number 1, and the data obtained at the exit of the catalyst bed is
identified by number 2. The combustion efficiency and emission
indexes were estimated for each "LOC" by solving the equations given in
Section IV, Part 13 of the text. The remaining data columns are self-
explanatory.

I ,

- 125 -

A, _ _ _ - , , " " I I II i l. - • (,, , . , m



O*14N , 1 IM O~-O*11
0 F-~ m 0 m * 7 0 40 t4NMU Mf44 0 0f J *
O~eju

47~.

SE4L -6mP 0 
inQ'...,

u'I 0. 0, 0
0% cp 0%q q 00,0 01 , Co

-- d~ N0O~ O~ M .t q0 I - 0L

0. -0 N 
0 N N 

N-,- --

40 -4 
M94NmIJinNN.-4 -d

a~o 0 4 i 0f Nf (A 0r

IL_ ~ '- oo 0 ne %1 D04U ,E..oo - . ooo0 N . ý % wt 0 um A

" ,4 .4 -4 -4

0-w

94 in an a%

49

.40 
0 4, 

9 
0 

4 
V. 4 4 0,0

0. 4000 
02ooo 000ooc O~oooc~

-4-4- -4-4 4 94 ~ 94126

sit-



'A 6 ;

4L 4j UMeoN 001 00* * * . * *. 0. *0 *0 *ý *, 
Q, 

* *, *D *

I4 W% N N. -

0 ZI #mA.D 0.

ty CL lE ry PN N 0p NNg~.4 .

U0 NQU 03t N 0 tv 0 0 I0

L- F- 0# 4nt 0

IS 
:- -4 .s . -5.

M NNN NNN3F

IL gq ~ S5 0

-. ~~~~~~ ~l In UN* * e e S 545 S D 5 5 5
OKue

MOO 00 000 0 4 Pý-127 a0



KIU~~ -4 P- t- 4A O9 01 G, Mt** N9 * W%9

I 0 N ItN~ 0 0N'Ow
II AN .- f-0.a 0-. 4 N N t0- 7

I D

OU. O~o

o~~~~ YC ( -4 N4~.- f" -42 -1'"9~

do 0-0N O N O C p- b-%o N.4u

&ce e 6m An Ln .B4 ý 4U-.

a.%ao0

Ov 0V% tv20 d OW%4 ON00- G # 0

0- OC EnV o0 000.000 0C
so S.0 wo 0*-I

WaA 1 0 f AvVj a 0 000 0 0
39 ~ a 0 #4 4A .4 ON

q. X xz0-
je ee~nn

o. CP. a- o a a. 0ht-P-I-0F-r. t0P t
W% ind ID~~4d.4. 9D4~ CCg.4. .4.9..44 -00ýoý

4u z W-h26-



I

kI
w II%
*-J 90 * V A A A -4 FA #A * ** ** * * . * *

IL

N mA4 C oaM4P.0.. i 0 000 b 0N~ O m mJr N

U.~~~ WN 0 4V wd* O

A- 0. :917lt

0w'0O t 0N. p- 0'LtPA%ýo N 00& d 0:O

Uw.000O000 01%mo 0 uN00 0 N 0~000000000'001

Uo' :400 00~A00 0~0~00O % 00 000 0 0

IN 0 N a. 0. N N. 4.NCD N 0 eqElmVsd .4'N o( 0 0 0

do a. $5c 4N " " ý

bO 0 . 00,dvO-t 0 4 , 40 V, fý 0 4 . .4I-0aN.. 0

0 . a. *0$A 0 4.-00 *0 t
410 W%00 An@ r %$M0 o10i W 500 Ain c

.- o w .4.4 4.4 14I e0 4w . 04 & .4 ý 1- 4

0 L f) 041 01-.AN 6: Z ' tOWN 0 - o 402.4 WJZ 0 -Af'

41~~~~~~. 46 m0 # f" .0A -4 .o on d e0.0 u 4 N 4

w~~ft Ch N 0000cc000 Mý00000000000 000i 0000
00-a- -0 cc~.4. .. b

0% 009 U0P 004,- $5l0 IA

cp ~ ~ ~ ~ 00 00 00 0 li . 0 0 00 0aI 0a 01 0Qa1
W be 00 Q 0000 a- . a-& ob(P a ob . ip4%0a 00 G 0Qaa0 Da 100C 0 0u

"I"d
on bW %4 %I nvlb ,w&a -a e ,Ic-4 %f "mm0 dtt "f



ft~~~~~~~~~~~~~ ft ft ft . . f .. f f.ff0f* f f tf~f*

C44

MQO.~O tf~ 000000

uwm.~ ~~~ 0 0 0 000 0 . 00 0 d

g00000ON NOO0N 00o0W0000oOo.
a.ý #,. -'=d. -0. *U09P0 430. Ad6

0~~~~~ 0. 0 0~ftff~N ' t- N

K 0 41 O % Nm 0-4 - 040 in - w 0 Nm - % 0 0 0 0 0

6.~~0 C4N mmN"

It ~~~~~C 4n1 44aini 0 1.

wd.4 i 9% m@A Q

~gg~gft. ft

j~Am at ftt0j0

w 4389 M a e r 0 # 0.00 0 00 0 06

0~v *.ee 44b..

adN~~NNdd 0000000000006r 40 (ao0or

*in MN 4' %* i 4A A 60 0N 6NN

0ob l4 P.wP *66 4 " f 4v l0 w 4r 4.4v 440 o

V% on 0% wi i f" i AI"fqf

^I l. y y 4 4 l 1 0 9 vcc40404 0 t ft
mm -0: A 0.

'9 4,0P



-8, fy QP-* P- O04~. N 4 0 .4 b 000 OMO

" II O 0t ON':4,4 C 04N CNN 0M 4N z ONN;r 1 4

a o 0 -W)4 f N 4inf AnP CO C~44 "m

r.4 4 0.41- ".4

~~4
ep- qaIn doinfyin ON fq%

N.d A CY-4.P: r: 0

0 ey~ N N0 -14va I d 0.0 f- 100 A
~~tC 045 4; 0e 0 0

ILV 0 :0 4 ;0 0090 ;44 0;040 00 IO
V W C 04 0. 0 0. 00. CA0 & p0 Ov. 0

m Cnc0.C 00o coo coo 00n* co 000

x z ft~d 0 94 0 00.0 a-~
I0 on . 0N4 fy0%vN fyrVN tgI 0- -4 N i

IK 4 v m O- OC-s 04. ftn 0.0. O0"4.-6 0

z a.1 PO of-A .4 at

.44a 04.4 " .. 44

4K u o it Jgo eVV -

Uýf 0 00a@ (0.40 do 40 a 1000~ 400 a 0.

49 z x a6. .4 ey * % P4 N * .4 4 ty 0 ý4 m ..4 ýa fQ .49

42 .14z. 0. 0 zas *Oo

00 d a a 0 0

on0 00 40

X9 4 V 4 N ft

to in 0%0 do do ofan

p.. -p O 040444 ff f O

0 . kO4I O 0 P 04 .4r -low4f44~C

W~. NNN( N C.PC-090.44. ~ ..IV

C ,~ -C-'CC-Ns44 040 .4.0SSI013144



t

IA
x IN

0. 0004 4004 1^do 0 4,A,0

! i 2. ~ 'Se•4e

IL. 0040A 0N Ch n oo-4w 000 C , 00

,g o. . A o,-A. 4*. *., .. •. . , o. •. •. .•.I 4I O.4eN 4%o 0 oein O0 o-A av o Omo.

U " 04W% 0..O O o0 0N'0 Of•A 0 00In

OW2. 0 N I4 C)NQ • 01-4 a,0

U- AmW a, r 00. 00 0 OWO 0.00

06 4 -4 .4

.4-.

, a- oi 0- ov..o o-.O. o.-.a o.c.. ov...

xo ox.@ oGo oo) co 00 oO o

z a

KI c 0 A to A A4 coo 0* 0" 4Ai4t

0W a. 4OO 00 W- .4.O 00O .OO "0ine

.o A 4 .4 de .4 IC.4 .4t -

INCi' 3, - 01 -4 it or 014 319

XUi 4 * 444 *A 41 ,4" A A A A.

Cj4 d . 90 a 00%0 0. @0. FN a00 N I t 0420 ,011,0

go a 0011 (00-00 0 00 0Iwo 4;C ;0u, ;Z; 44 ;Z ; C;G

zu i , m e~• tl. n moc 04. ONe~ Ud b

:I & 4 V- .4 .4 d.4 ý 0 4 ILj .4

~~~~a * 2,*•*•,0e

a[ S.: coo4 3001-51: ca o 0., 5 0 W a S40m

& 4 14 '4 . 4 0a4 a P- 0,-

goo moo goo moo 00 W a-

O . .0-4 .4. d ~ d-fd 0 44 * 114 Il .0 .40

q4 -44 C 4 .4 r 4 - 04 -4 0 4 4 - 44

111161 ~ ~ ~ ~ ~ ~ ~ .&AG 4111 10OP Mo p l4 114t 8 0d. Wf n0

Cow- f f - oo IO on 4110 10 t l 004 W -0-r " -
i. .1 Gm A* WA CO o a 41 1- 101- C4 *.. ON 1001 W A

-4 W 4 WO 04 d

Wo ~ 4 j 000 Aft of ft pq *,a,*0 ~ -1011. ps 001
viA 4 0*4 g .44 all L CO £. 0 %i 0C;C

00.0 on0 It0 @00 0000 1000

4% Wk 944 In. inI p0At0.04 o

n8 MO. 11!9 ?W0 09 4110** 00* 040a0
0.a'- -4t .~0-0 M W00 .4.4.0f" 4 0 llWP

InW Is Aft 0100 owe 0.P1 1.401 in

go too,.

-UIO&O 010 441.41 #0 It. r It' 000 It

-404004 C%44* oft PCC r..v I- I# W

zT4- 0040 000000 944 O



$o 0e0 0emOlM aO C 0r oa i 0 0 0 0 in

a In N0P Q o .OtN 0000 0P N.E w~ 0

.I.- C!d 9N 0- N0-E ý9 Q .

U.. 0.lo D0ý040( 00 (I c 00U' V,0 OD Go

z0 z a o in 0 0a0OD 0 UN 0NI 001A4't 0 0
IL al- inN tIt-0o m -4-

I 04 a-I0a0 0W o 0MM 07. Q~ 00e OD0 NP
d 0%- N .4.4 - 4 .4

zIL

0t -t N 0 40C) co C 0% - 00aI

1ZC 40V 00000 0% ~ (10. 00 N&
.@ .0.4 Eý b .14 M-) -4DO

0 w

K~~~ ~ 4 544 r-0 C0 IC .'-04-0
Of Q. 414 02 v ' 0. N ) .."V c.d .1 Nt .4 14 -f

10 0. 400 mo n* 0 0 40 0 0
40 .40 .40 A4 .

0UO ? 0M OY 004 g N f" MNS fn44
40 9T lis' ve dP f* 40 P. F-.. 4 *4 ftZ.4

w00 -44

14 M .444N wN nI"& 49 En 0 '0 $ 4ý "
$. E & .4 .4 r 0

4.4( an44 4.41 Pt4( on444- 4.41

00

of414 044( inW a000 nw
s-wo# -ti' 00 00 044( CI a0do0

44gw: 44 n9A 44 M 4
0v~~u# O0 1N QUEnsS

is of* 40NN 0 0 . 0

of"a004 0,- W00

"d .i.U4d59 99 444P

1 33~



Im
II

0-4 inA omo 00.0 -Vm w C f W

oL m 0O' 0 000 000 0P
IL 00% O'- 0- 04. a --fmC o

6, 0 C,&I C - n4.m oP. on. 0o0 0 0"of-*
P.C, 4 .44 do .dt 4 4 0

Am 0 4 0 ft .4A fm-P;. ;4

z 0.09 CO 0040 co coo co 0coo 00.
&~. Cg-.d 00 OP"P 00 'tinf9 I- .0 1P- -

49 N ~f .4 -0. ft d4 -4 . .4q .

-0 a 44-4 0 P 0"0 Cm ~ ..- 000 N
ft. on 4Nw 4P" Ow of

mo m o o ao mo o moo;
.4 0

X ; 0 0 04 0 .40.

.49

0'-.4. v44. .44. 1 .4

V 000 @mm0 f4 0 P.S cc

w~ 00 m

us~t~ at fa:.444 00 1 ýI
sowI Mon 0 P I

I-f wt at 66 at. ft 0" 0t t.. ft f
ted owe in9 on Oft

*9o 40 CC b%4 in 4

"F 04 @4. COOP 0900-5 44
J.0I 0q p4 4: 444 4444 44

4 , 4 V4 Mn lp



a0 CO00N aN fy0 a0 o1 0 0. ?- 0

m Sn 0 O.4, r 0-- 0,0 8NN 0C.'' CN N
WJ

KIW,

Q- yJ 0N. C N 00.0 0.4p. 00 ION4 4p.-

6. 004A 0c C4N OA4 0 0 A 0 ri -0 0 1 0 0M

S0.0 ow 0 , aoI 0. or o04A.- o .- ,
0514 0M00 00 ON & 0.00r

a.&04 r oo46t- Co

',,,0.0,- 4, ,, I,,iP- 0

9 c @0o 000 000 0o0 000 000 CON
.0- 0 *4 a4 ev ON ft NOI 40

x 0 .. ... .4,, "n #- N • a -.

SK ono ooo ooo o o coov

K 0#0 .M m 0 44 # , O " N on 44 0 N agN o-
&- Odin 4 in 4. oft 4 f. m'P.

V4 ~ .40.40 C),
a U.K K

ow 1-7 o U: 000 a 04, coo me coo ce 0 040
a0 Ny d 044 '000 0c 9 00 00 '0o0P 0; No 0 000 40co w 0.J0

-I

0 56- 000 S000 coo 0 MOO ' MOK - N in 4 A,40 0 V% %I
.. , -4 * ..4 me .4 of . - .4 .. , . . ..

i.n aN 4i moo. ccd t-00w o oNon0

-%4

0-t DM 4 '440. 0 44).

S-,x 4444 at *me :4-4.: 000 p0 ,,0,

8..-4.. - 8.V. 4 1 .

J- w *Ad% or- 0-,,, 0o -t. t- o0-n-ob- 4%U In on 040 VI 000

4,. •.h Inv%~Da.0.1 .4-

'40 4.0 in 4

'So I% an

4; ~ .. 10M 0 :04 0P @ ý 00 a0MM1

- 135 -



60 0 on 04 ty' flO N 00' ."00 0 O u

fim I
)I I

0..i. 003 O40 ON- go0000 00f' 004 O OO m
MAX OO'U (-P-f 00 00 ONO 0C)('O --

IL N kn 0 & WN OF-in 0 N O Im 0 0900tJ0 00-t
o ~ 4 co

U. Li C)ft 0a. ON4 w0 00.0 0

L" CgtLff oem. V.-, ao olo. a,- o or

04 co 0060 -4 ft -4 a4 4"

*IL

Oh 0ft0 0#9 00 A-tU 04 Off'Vf 0P000000'
9L f tft f tf fft tý ft ft ly N em

ONZ. 00 '0 0'0000 V%'

0 a fm '4v '.44ýry

K ~ 4 c a0 a-i 040 a~AOf% 00

ow Ki ! 6 ON 00- aow 04- 'K C .V' 000 0: 4:
NC 0 coo wo co w 4- C 0 Nm .4 'A NW a.4 in .A.4 wo 040. mo 0 Nm aý

coo ft oa. i. O a St co aco S o o 0 0 0

0 4 ftp c40 moo on0 4m .0

aft

ow ftu Pft 0.t 1-. -. 01 1 -ft00p - -

-0 a% V% 0.4.4O 0 00 N t oo eo

I-. 4w0 I 000 0101 00 #afm0
C9 I d.e 4 g in- A u in- P% N-f KN N UK

0 N9 N. ft 0 Vk 0 WA N f

WN Do 0 0 .0 0 in int

w. .oj 6--'100 0m 4;ni C0 00U00a

136m



I I ty 0 00 00 00 0 0t 0001%-0 00 a

uZOOOCONN OOO.% COO~ OON

0OIt., 00000r-in oociocoo 0000o0fr% oo0ooou~A~000001,.4 OOOM 00000mm oo 4~ 000000-MC
C.OCCOONO 00000-40 88848-.:. Z88884.:

Cooon)-.4 O000 0-bCl% 0oo00u'0 o0oooqwm
1 50 000?.' 0000ONQ0 0000004 00000QNI-

weCO0 00004N O 00%N 00000..44t 0000004t

H .

Wo x oaaaa0 00000NO 00c mt 00000inf OO,~t OO~1r

000a0.44 C a 00 * C* COW 000C' C * C C* * *

42. 0% u% goC ,;C ,,; g ;C

K 0 000el OCOCO no z4 000000?- 9 000u.C0D I. .3 AE% dDC* W e '

& * " oo0o, 00 004 OOOOtohl 0000.t.ICc% a00000.?-It -04 -. .40,40N I- .4f. # - .0 CC P.M . .
W)* w OiN 0.) .4' 0 0%&a)-1 t4 o4 b YP -

0a QO 0000044 00 0009044W% 0000044 00 00000u%K * 0ba .4.4CO 000.4 god5.Co.4 .

"a z~;04 ZO 044 '. M

%4N.4NOO00 000 00- @0 -*.o o0¶fooin

00 coo44N-00 N4.P
W, e 'e94)- .%O0'.00o

c: J,;z -Wil 0"A-.4



WiI
Qj 0 0 00 00 -t I 000000N o0ooor0 o 00 10 e

0W 0 0 00 0t 0 OO 0 N M 00(000mr- 00000-fvI
0 00 OCO oN O00I%0 0000 int-i0o tr'

OOOOONO0 0 0 0 00 0 0ooar 0000O0

X 00000 0w 0000 000 00O000E)t- 000000 O-

WI x 000c010 00000N0 00000NO 00O00.0-4

0u.U O~ooo0o o 0ooo' 0000000. Oocoo~oln

0 600C4 .4C 00 0.0 Y if
0 : Z 0GCLco 0ook 0000 a->

0(000000*0 m 00000.001 w O00U 0000040.

3r 00000.00 0. 000O0NVi 000001-N 0O000000-
at 0 Q .IL of tN of u' ar u4

ALoo~ iWoooon -00M000tN ~ 000u
Si. id~ in .. .0. 0 . w * . 0 .0 0 In 4p cc P. 10 go *- 00WS V

aug 4zdtu O00tf4 00 ooookw & ~ doo~u Go000uu

r 0Oo~u~000COOOMU% 0000 ooooon 0. oc~oo0Co-9 1 !tt44 0 *. 0~ 04 0 4 00 0 0 *
do ac a. "t tyN~ U

I' 0 0I~0000" 0 0F-r 00N0.0o

00 0 11 0 0 0 0OC C -- 4



I I 0OOo ftt 000comm4 0 0 4*0 0
4 IN 0000001-a 00000't4 0000mw0 000C)0~"

IAIz 00J000"%M 0000ONN 0 000 0OONt 000 0OCN"\

0 -JU 00000-4.4 coo c NOJI 000 00 t- -r 00000ow'

z W. 0OQ00tIN 00c_ .00'MID 0 00 00-uf &A 0000t'o

I0 Q0 0 0 00 M 8 O000OWf4 O00 ,00Q.fn~ OOOOOtNI
W0 0000004-t 0000010M 0000ON-0 00000A1rC4

COCOONM~ 00 0 00 N 4 00C004mt 00000fWm
- ~~~ U. Ki - 0 * ** a9 4* 49 &

0O uz z8 000700 00 0 00 0"0'.(00 00

V w ILc @0* 0 0ý 0 00

U 30O~ 000000.t OOOOONO 000001tO)
IA Ci. .0 sUN r4 0

K 2. 00 000 0ina 0 0 00-Q- 00 00 cot- w 0 0 0 0 0 k
o a. on. Cc Nz 9.

x 00 0 00 I,t 00000owO 00000401. coooot-.t
It 0 0. .4.4 &A NN .Y 0 CY N t--N
9> 0-30. 9)- 0-)-

0 00 0 0 P- 4 of OO w 000000-t w cooooooaS~ ~ 4I ~ - w 4994 6I 0 *f s99 W 9 * W 9 .4. 0
wo Nsoo oooooaren wo 00000*u% uwo 0ooo04u% Ma OooOOOUNK 0 0>. IL.. K4.4 X 44. 3c a 4 3c 0

z1 6 K 0000000 I-000001-0 Z 0: c .1000MO Z I. 00000aA0
0 . C P- -). f" W% Z ~4 0O'Vl

uu 4L dc u 40 c -t o

-.4. 00 .4..-44

Au ALa 0000010.0 0000000. 0000064' O0000comf

C0 0 0000-1-0 0 040 0 -d . 00000.00 00O00a"N

I- 6 0a 0000000a 000004gb 0000044~ 0000;
14I ..f 00 9r o oft vNNr

a.00000471 0 00 00 V06 00000400 00000mMn

ID
-139



0000~ 0 000 0 000 0 0 It00

*N Oy 0 0 1N 0 0Coo0N w C, Q0 0 0 O00 0.

640 40 0 04 .0 ****to.N 400~ .O 0....

4. 0 00O0 0 (4on 0 .0 I 0 0000C N('4 0~0000"N,-

00

oju00o0004--1 00000-0" 0000OOO4 000004NO

UZ0C0000"m 000 0 0 N' 0 0 0 0r 0000
ý n 0. . . 00 -4

606 0000004 C; O~- 00U~ T")0i~U

IA .1 C00 00 0-

U) I O00000MQ 00000oNO0 0 0 o 001

00 0. 0-r oT 0.. 0 Airjrj- 00 0 .- N

U)MO c, 0 0C O J

xe 00000*' COOr4 000004Q 000
C)f a *- 0J C4 00

Oo oot 3000-1% 0000* & 004N

-. 000000M0c 0000ý04.J 00000.40 000004.4

C> IL- .4.4 X X N

00000.00 O04000NN ZI000000 Zý 000C0000
D It 0 CLcy t O0 awfn ~ D O O N 000-00-4.m-

W4A04d . .44.4 -4 - - 4

%- 000001uf 00(009 VM 00000040 OOOCONt-
a~E 400000.4-4 000 e00"N 000004C 00C00~0

00 *00*0 0 0 0 *C 0 1- PC 0 C * 1; * CI) 1494

44 &oeeoe-r ooo00000"No~ 0000000-

> -. 4

-140-



......... I' -

g~00o0.g000 .0o0 4 *fee.*$O -0 ,00

wl 00000fNNu 000OOMI 00000tN 00000-40x

U ~ OOCOO 0000000OOOWNU 00000=0u

a. -4

0 0 0 , r-4 ooo0o410 0o00Ooo a,00N
0 0.) & ' 0 ~ .I 0- 01

O% u 00 a 0.. 401 . Oh 0:

u m 0~0COONO 0O000I0-O 00000C.40n C 00000n

xe 0 0. 404 fv% cc4 kn
D 9L

x.ir 0a 0000000 0000000N 000004P.-~ 0000000

0.~ ~ NA~.I0 00Q~~ w NNj0 00.4

CD :- CL ' ..4.4 -444-

ze 00000P.O 0000000 OOOooIAN 0000044
@0 a6P. S4 4, r- ?- .

*~- .-

AmC 000 9P.,IN OOOOONN 0000044OOO~l

0 0. Q0I-0014ON 0 0 0O0 0 fv 00000A00
.. 000A QOOCOC 000Oep N' OCOOOWoo 00000.0.

4"00 0000000 0 00000 a00.~i' t-000..

0 0 ooo0- 0 t$ OeOODO# 00000-.-. 00000.00
1 4! C 0 0 0QO* 0 0 000uU%4N 00000""~

A Pjcco$#- aaooo~ cocoa! ZZZ444 4jzz

or 4 Soo @000Orn0000O2OOP-I' 00 00@4* 00000@W

00 0 0^04 ;4 :0 ;1



too 9()0000d* 000900- 0 006*00t 0 00 0 .

W:Z OO0O0N" OOOOONIJ 00000"NN 000C0NM~

O..300000040 00000i'm4 OCOOQOOIA 00000400
Zw 0 00 0 a. "M 000oct-- 00004COOCO"O

00

OoOOOOMV% OOOOOt-p. 00000040 oOI.

40 0000440 000040O0000,4 0000004M

0e..000000.0 00000O40 0000000 0000000

iw IL 00.c 040 0.0. 04 0

)(Z00000"o0 0 000040 000-' 0 00 0 00.
0- t. N N fm N IDI -4 r4

0o z 41 C 00 00

.0 0. 000004.0. cc 0 0 0 0 0 0 4N

wa. 00 0~O 0 0000t. 40 00000440 or 0 00 0o 0 f

so 0000 S', OOOO o-mmCw 000
dc 0 .4 l 0 1& 49040W

t4o0 0 -- c 0- -4 t 4. 4 4a-*" -

*~~~~~~~, 30O )0 000 00 Go04 4 o o 0

I& 00 oCa00, IP( 000104 Oooo4

~~i ono

0444 0 *t ý0040
j 05

4'v 04 Ii!!O 0000 a'.
-- ~~c s. A0%60 280802 5 1"0A5

C 0

0 - a. .b _



It
co 00 a0000.On00000m O O fnl.a O0coo a Wt

I IN fy OOCO0 40N cc0Q00. n 0 0 OQO N a 0000001.Q
IA 44 *;.* *4 404 *** 8 *** 0** 44 **C ;

tJ 0 a0 Co00N O00~0.00 0O0 0CD 00A 00000.00
cooOoooo. OOaOOOOa 0000ONr OOOOOr-4A

IL4 . 4 0*444 4Z *4 4 4 4 44

10 0 0 o tt~i000'4oo o m .O O O

000-o 
00 0O

4LO~A 0000 s 0 000 OWNI--

6.WQ 00 @0 @

0U00004 00000"M 0O0'0. 0 00 00

'04' 4t# 0044"I
, K 0000G#- o~oar.iri oooe0-' 000a4-

000o 00 @4. 04' 000f M .00000bin c 000 0in in

K00000-00v 00000800 00 O00000 go... 0000

& Am e o .4.4#0 a 04 m elii 40 a -'N w0
a4 Ai -'W %owA. *0 4.4o0v 0I - . *r. uu 4. 4t.I-Pfi ne *.4N0. o- f 40 b0

4 o o 1 1 0 0 Uk

so 000080 00000 COCOON .

.4. VY N.0.

t-Wb 00900-' 90o 004000000 1000

@0000' go *oft I-

IF 0 0 00000NN"

94- 4;4'0 * ~oo*e oa ooo

- 3A3



( 0 0 0 C; 1; 0o

O00000 m 00O0ic .gv 0 00O0~~,Oo,..e. 00 0 O o ,

o -4.0 r-I-r 0 .
0 .p 0c,0,00

4. Z 000000 cow~O 
00t~

X IL4nt 0000000.

&d 
40

WeL ..J 1 4 . .. 
0 0 U C * *~ * ~ ' .

0 0& N t , 0 O o 0 aO O . , 0 0 00 0
"d N

iv 

* c C 4 "C 000Qe40 4-o0 
Z 0 c Z * 0000oaoo fý,c,00

- 00000 ox 00000000000

-ed#

A 0 A 40 -* M."

8-8g4 coooo..d 4 4 f - 0--

0 0~ ~ ~ 0 0 o 'O' *0 co *)W%0f4 4 Aoo oo m .04 o .000 .0, 0~,0

.~~ 0 0 40P 4.
04 04.4 .C, CII22290..

c-4



IU

00N 000.-d .N4 N

co SO0 *o-f @.I .~f .% .. a . 0 . r- 0 . 0 0. 0. C, CC * *
X#I QO 0.4 NNL.N I.

0 L Q 06. N 0: C; 0: 0t O 0 0: ; 0: C;~O

0 0 0Q-0 1-4 1 4 t- t 0 00 00 a w #- 00

ZU- M% CC * m NC a C)Ne a CCC C 0C 0 -C 0 l C .C0 sCCC
lpw. o Oý o0. w

6 . W 0 00000 07-- Q 40 00 . 0 400 0.00- o
~ 0. CE'De 0

K 0~ 0O .. G u~000 00i CE'.tWtU~vtwoo

UA0I 00 000 01940oý0%.Q003 40 40 0 0 0r*-QL .. C.4 .4
00 Pdf iI-r rOOQ NI-4%I-eN S.-e 00 0 C 0U 0PI-t- P-OO

9-. 0 0 0 %n % 4.indWW% 4 m W

49 4 0 W0I0 t" .- I- JZ

WaIfc 00 4;;000:z04 4O'OO z0,;z00OA; 114114A,4

At00
WZW~ E'NNNN1NN

-'Y-.



go 0 0 0 0 In V. 0 I08 0 044 1f x 0 f0 0 0 #
WJI

OJm' -DA 4 4UO 4N4Z4w O0  
O00.4"0 MM.40 00 004o oM CýO Q~~~~~0 0 0 ing~ ** "0 pq- "Om e q ,*

z fil 
0 0 

00 0O0N 04

00 0 0 -~- O a aI W.

61U 46 .
0@O. 0O 0. a- a. 0o

0 a6

z IL

0 S. 0. 0.. 
.E 

"- 4l 004 -O-4 IL . NN Nqy IVfJ 0

fmO O C.I. 39 0OO .O be~,

at.i 
L a 0 000000V00

No i a. 0a0%0.W. C

ftfO~. v4U "O,9

:Co r--f M m8 .e~ W 0 0mA 4N 0 na b ft woo m

-*-l

"us 404 o4 11g 011

I- w 4. 0O000000000000. C Ow -06 4 s .

Ie 00OQ0000,0000 a1 co00o4goo4

~~~~j~~4 t *Cec~ oe e ae

ý4- Z46

_ _ __ ___ 

_ _ _ __ _ _



*I i C
At4 I *4 e .. .4414 4 4 *4* 144494 14 *4 14

be

WjI

0 4 04 0% 0. 0. 47 4v 4 M w 4 a- (. p (4 .% 9 . 0. 4 9 4 a, 40p 4 & 9 a
OWIL 0M(,0 bq..ý( %00 40 0.4lp e4CON N 0 N . 0.

000W_0cU0
ot W% 24 mot% .0

IL # N l N m ty 4 N 4."

z w a 0 0 m wl in A AO N 0 00 040W 0..4V ,0 a u0 0
IL N.ei fd N ~ .a -r . N.4 l

z -0 0Ip 0 %f04 1- M n tnO4O.W%-'P'loom0a0c

44 NC Or0f-'IW

at 0 000 1^ N 0 0 0 a- .a 0 nwNmP

%4 8 j A; 444444 4w*449 4 4 A*4 4 N* A 4 4, A0 4 Z w*%14 4 Z*

de 0 w a. .

w be .4 N .4 pw .4 fw .4#N

4 4

4W AC 0 # 0 O* 40 1*md mm0 a

.40 .. 4d F4 044 04 d.*.4 0 4... 04 1N4.W d.4 .4 V4 0.4 .

-d o- .44 4 .4VOPd 4. OM "40 - 0

I...



C;. 04

OIN 0000004000004 000000umm 000Q0Q-0I

* 00000N0000"o-a~ 000000mo O0000000

0U.L 00000000O 0000008I 8C 1 888z ;C 8C ;00 0000O0 C;00 Q

L, 000 00 -1 o.o% 00 000 0*0 aot 00 0

o 0000 c00oQ0~ 0 00 OC0 0 QroONOC'a00N

0L 0. 04~ 0 o 00a00a0 'p 0000,- 0 0 0 0
4u a.a.l

z000001-A0000040 coo O00uO OCOOQONe

N x ono.~ -'00in coo 00OI 4N c tA 0.C4(0004W
04 IL0 CA0(4

31 o000ot-4na 00000040 000o0000-U 00o00ON"
*~~ a.* in*~ MA 94 $A A* *4 P * * W **** 4

Z00000040 0000000071 00000000 w1 00000O0,0

u a. 4 JU .

00 00 -: go. 00*i0000o Tn.o.o 0.: 000 00.o9,.ooo!
Q9 . y -9 a,44... N4 .4 .4N

Mk& a-4*~ & 0 I 444 4 4.
0.z 44444 3rrI 4w o o w4444* 4~414

toz4"4 .e 4 ft 4 ty NN 44 ty**~ . .. p *4s4 94**@*

~ NN44(NCd(444(4444( 4.4.4.4.4 .4.4 -4 4.4 -

44444444m 0000% m--"-eke%4A4(A
dcot0 w0 "V "o fy' #4~NN4 owfma 44 . .4O- 4 P-4-- -vi J 0. 0 ** 0 * 0 ** 0* #44 # * .# .* 0 * * *~~~04~0 -- 4 .4 .4 .4.- * * *

.464 *.. 0 Pd PP *d @ 4 "d 4 odd*P. 0.

~j*.



* 00000OU~~~~W 00 NtM09 0N

C4 12 000000M* NNO -4.N.44

wo0

ONN N

0**0

A0 0 eO0o0o.CM 4,* NO%

50 0000ON- .44 W 0

WI 0OOO- 00 *0 0- I-N r-0a

4JW; 0 0: PG P0: 3.' 000
41%*** (1 ve *G 0 4p 0.0

00000090 cc0. (9 P 0

06 c O O O *0 g%0 *. 00 ONf

It K OOOOO001N 400 0.- t-I 0* ON N
o &. .4 .4y in in -iN NM
Z C

000 00 C) 4ff Ky NP ly4 K N . 0 * 140 1

00 I&.t 000000b49 00 W0 00% AC 00 Won w0 $A* w 0 'A 0~~4~ 0ý0 -d -4. 4

44. 1-I-~ 0in 4 Sol- CO4 cc *N 04
K 00000000 . 00 in in~- 0 -. O z- 0
0. ~f d U 4 U . L -.4 VU -'

W M*ONNOO co CC CC 00 00 00

1# 000 o -14

V.r -t-t -s-t 1 Ow 00 ino44 P00N
001 14l oP 00 000

0c0000090 AM 0.4 N'. 40 09'

00.4 4 444444.4 cc;

~*54 4444 &4 * # 44

0 a-4.4 -44.-

@"Ai A* Ca am- F.. a.4. oft-4
490 OMMM 00 4* 00 00 P-wk-I



4: C: 0: 4. O4 0.9.0

04 *0 in *0 ce 4*0W

9".4 N tv 14 ft m two$

S 444.4 in .40 N.' em fmm t-fo

O* fmU on ~ we oft &I~ "c " ~ e 4 s

tj -4 rim (4

mu.0

NPa 05 49 S ' (9 (l

*~~O 4 40

00 *- 400

I @9 0 00 0

M .~ 4(4 .#(4.4(4.9(4.~ -

0.0 
O



1e 4 00 00 00 v0

*g .4 f"F 00 .. a i w 0

OA tj oh f" a a 10 a I" aa

6u' 0 m

SO w 0-0 *4 *P a- 0. 4p . *

" d.P or 00 400 -40 t4

on in ond -4 ui0 44

IL OR. aon on' ft4 04- f"4 infye t y 444

4v We -0 r-4 .04 e 424

C3~a Vi in U. PU a P

tZ 0 4W0.0 04 40 aO 0- 00 w 04

of 0 i % w f m so 0a AM% inm ca a~m f"o m e co0 n 0 o

z a.

-9 @P -4- oN 9m d A " 49 .
a 00 6 ea 9 u .0 0 ac w mp0 agoa 0 0jt of 44 c c ac w 0 4 cu

4 3L f4U 4 U 4

00 060 t-b 0 ?- 0

0m A0 ft @ 1- 00 @0 4pOf

p.A A

0 0

0.DZ~a IVv i



REFERENCES

1. Environmental Protection Agency Regulations on Control of Air Pollution
from Aircraft and Aircraft Engines, 40CFR87-38FR 19088, July 17, 1973;
38 FR 34734, December 18, 1973; 38 PR 35000, December 31, 1973.

2. Jones, R. E., "Advanced Technology for Reducing Aircraft Engine
Pollution", AS14E Paper No. 73-WA/Aero-2.

3. Blazowski, W. S. and Bresowar, G. E., '"Preliminary Study of the
Catalytic Combustor Concept as Applied to Aircraft Gas Turbines",
AFAPL-TR-74-32, May, 1974.

4. Anderson, D. N., "Preliminary Results from Screening Tests of
Coamercial Catalysts with Potential Use in Gas Turbine Combuasors -
Part I1. Combu3tion Test Rig Evaluation", NASA THX-73412, May, 1976.

5. Shaw, H., "Fuel Modification for Abatement of Aircraft Turbine Engine
Oxides of Nitrogen Emissions", U. S. Dept. Commer., Nat'l. Tech. Info.
Serv. AD #752,581 (October, 1972), 122 p. (Also AVAPL'-TR-.72-80.)

6. Weast, R. C., Handbook of Cmmistry and Physics, 55th ed., CRC Press
(1974).

7. Fleet, B. and Vea Storp, H., "Awdytical Evaluation of a Cyanide-Ion
Selective Membrane Electrode Under Flow-Stream Conditions", Anal.
Chem. Vol. 43, October, 1971, pp. 1575-1581.

8. Grenleski, S. and Falk, F., "An Investigation of Catalytic Ignition
of JP-5/Air Mixtures", SAE Paper 918C, October, 1964.

9. Siminski, V. J., "Research on Methods of Improving the Combustion
Characteristics of Liquid Hydrocarbon Fuels", APAPL-TR-72-74.

10. Margolis, L., "Catalytic Oxidation of Hydrocarbons", Advances in
Catalysis, Vol. 14, 429-501, 1963.

11. Hawthorne, R. D., "Afterburner Catalysts - Effects of Heat and Hass
Transfer Between Gas and Catalyst Surface", AIChE Symposium Series
No. 137, 1974, pp. 428-438.

12. Gordon, S., and McBride, B., NASA-Lewis Research Center, Chemical
Equilibrium Program, Nov. 6, 1970.

13. 51-1-skt, V. J. mad Carkaneoics, A., "Compilation of Literature and
Patents Relating to Catalytic Combustion Modeling and Process Design
Studies", October, 1975, Exxon Research and Engineering Company,
'Linden, New Jersey.

- 152 -



0 REFERENCES (CONT'D.)

14. Siminski, V. J., "Catalytic Combustion of Jet-A in a Gas Turbine
Burner", Project 773310, September, 1973, Exxon Research and
Engineering Company, Linden, New Jersey.

15. Bernstein, L. S., Lang, R. J., Lunt, R. S., and Musser, G. D.,
"Nickel-Copper Alloy NOx Reduction Catalysts for Dual Catalyst
Systems", SAE Paper No. 730567, May, 1973.

16. Doelp, L., Koester, D. W., and Mitchell, M. M. Jr., "Oxidative
Automotive Emission Control Catalysts. Selected Factors Affecting
Catalyst Activity", Adv. Chem. Ser., Vol. 143, 1974, pp. 133-146.

17. Cerkanowicz, A. E., Cole, R. B., and Stevens, J. G., "Catalytic
Combustion Modeling; Comparisons with Experimental Data", ASME
Paper No. 77-GT-85.

18. Hill, T. L., "Introduction to Statistical Thermodynamics", Addison-
Wesley, Reading, Massachusetts, 1960, pp. 134.

19. Retallick, W., Private "oauunications (Oxy-Catalyst, Inc., West

Chester, Pennsylvania).

20. Shaw, H., "The Effects of Water, Pressure and Equivalence Ratio on
NO Production in Gas Turbines", Transactions of the ASME, Journal of
Engineering for Power, Vol. 96, Series A, No. 3, July, 1974, pp. 240-246.

.1. Blazowski, W. S. and Henderson, R. E., "Aircraft Exhaust Pollution andIts Effect on the U. S. Air Force", AFAPL-TR-74-64.

22. Zeldovich, J., "The Oxidation of Nitrogen in Combustion and
Explosives", Acta Physicochimica U.S.S.R., Vol. 21, 1946, p. 577.

23. Fenimore, C. P., "Formation of Nitric Oxide in Premixed Hydrocarbon
Flames", 13th International Symposium on Combustion, Salt Lake City,
1970.

24. Gott, P. G. and Bastress, E. K., "Performance Criteria for Aircraft
Turbine Engine Emission Control Methods", Presented at the 69th Annual
Meeting of the Air Pollution Control Association, Portland, Oregon,
June 27-July 1, 1976, Paper No. 76-8.3.

25. Roberts, R., Fiorentino, A. J., and Diehl, L., "The Pollution Reduction
Technology Program for GiLL Annular Combustor Engines - Description and
Results", Presented at the 12th Propulsion Conference, July 26-29,
1976, AIAA Paper No. 76-761.

4 I 
- 153 -



REFERENCES (CONT' D.)

26. Sawyer, R. F., at al., "The Formation of Nitrogen Oxides from Fuel
Nitrogen", EPRI 223-1, Final Report, March, 1976.

27. Kalfadelis, C. D. and Shaw, H., "A Pilot Plant Study of Jet Fuel
Production from Coal and Shale-Derived Oils', Presented at the
82nd AlChE National Meeting, Atlantic City, New Jersey, September,
1976.

28. Longwell, J. P., private communication.

29. Martin, C, B., "NO. Considerations in Alternate Fuel Coabustion"
Presented at Environmental Aspocts of Fuel Conversion Processes
Symposium sponsored by EPA at Hollywood, Florida, December- 14-18, 1975.

30. Rosfjord, T., private communication.

7

¶

- 154
* U S. Ooviow PRINTINg OmfICuI 1977 - 717-001•316


